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The movement of superheavy load (SHL) has become more common over years since it is 
a vital necessity for many important industries. Superheavy load (SHL) hauling units are 
much larger in size and weight compared to the standard trucks. SHL vehicles may involve 
gross vehicle weights in excess of a few million pounds often requiring specialized trailers 
and components with non-standard spacing between tires and axles. Such moves require 
the determination of whether the pavement is structurally adequate to sustain the SHL 
movement and involves the analysis of the likelihood of instantaneous or rapid load-
induced shear failure. 
In this study which is part of a Federal Highway Administration (FHWA) project 
on Analysis Procedures for Evaluating Superheavy Load Movement on Flexible 
Pavements, a comprehensive mechanistic-based methodology was developed which 
consisted of the following analysis procedures: (1) segmentation of SHL analysis vehicle, 
(2) subgrade bearing failure analysis, (3) sloped shoulder failure analysis, (4) buried utility 
risk analysis, (5) localized shear failure analysis, (6) deflection-based service limit analysis, 
and (7) cost allocation analysis. 
The segmentation of SHL analysis vehicle is a procedure to identify a segment (or 
element) of the SHL configuration that can be regarded as representative of the entire SHL 
vehicle, this element is referred to as Load Nucleus. The vertical stress distribution (or any 
other pavement response) under the entire SHL configuration can then be estimated by 
superimposing the stresses calculated under the Nucleus, hence eliminating the need to 




Subgrade bearing failure analysis is an ultimate shear failure investigation that 
reveals the adequacy of pavement structure to withstand the shear failure. To this end, 
Meyerhof’s general bearing capacity equation is adopted to investigate the possibility of 
ultimate shear failure. 
Sloped shoulder failure analysis which falls under the ultimate failure investigation. 
A method to investigate the stability of a sloped pavement shoulder under a SHL vehicle 
move was developed by modifying the well-accept Wedge Method for slope stability. This 
method in conjunction with the use of 3D-Move Analysis software are capable of 
considering layered medium with distinct layer stiffnesses along with the unconventional 
SHL vehicle loading configuration. In order to account for existence of sloped pavement 
shoulder in 3D-Move Analysis software, which assumes pavement layers extending 
laterally to infinity, computed SHL vehicle-induced stresses are modified using a Stress 
Adjustment Factor (SAFShoulder). The SAFShoulder was determined based on results from 
large-scale pavement experiments conducted in this study. 
In order to conduct buried utility risk analysis, procedures to investigate the risk 
against the failure of existing buried utilities due to SHL movement on flexible pavements 
was developed. The available and widely-accepted state-of-practice procedures to examine 
the structural integrity of flexible and rigid buried utilities subjected to standard traffic live 
load were adopted in this study. However, significant shortfalls in the existing 
methodologies, which are the impact of the layered nature of the existing flexible 
pavement, role of unconventional surface loading from SHL vehicle, and the effect of 
vehicle speed, were addressed by the use of 3D-Move Analysis software. In order to 




interaction, the results of existing 3D-Move Analysis software which assumes continuous 
pavement layers extending laterally to infinity, needs to be modified. This is accomplished 
using a Stress Adjustment Factor (SAFUtility). The SAFUtility was determined based on 
results from large-scale pavement experiments conducted on full-scale pavement 
structures. 
In localized shear failure analysis, likelihood of localized failure (yield) in 
pavement subgrade layer is examined using Drucker-Prager failure criterion. Such analysis 
is conducted by computing the load-induced stress level on top of subgrade layer. Stress 
level higher than subgrade failure criterion indicates likelihood of localized failure (yield) 
and need for mitigation strategies. 
In addition to the shear failure analyses, deflection-based service limit analysis is 
conducted since excessive surface deflections resulting from SHL vehicle move may give 
rise to the rapid deterioration of pavement structure and development of premature surface 
distresses, (e.g., permanent deformation). To avoid rapid deterioration, the SHL vehicle-
induced surface deflection is limited to an allowable surface deflection. 
Complementary verification and calibration processes of a number of important 
theoretical-based aspects that were incorporated in the analysis approach were conducted. 
To this end, a comprehensive experimental program that included five full-scale 
pavement/soil testing performed at UNR Large-Scale Box facility was designed and carried 
out. Supplementary numerical modeling as well as measured data from Accelerated 
Pavement Testing (APT) facilities provided additional justifications to the procedures 




user-friendly software package called SuperPACK (Superheavy Load Pavement Analysis 
PACKage) to evaluate SHL movements on flexible pavements. 
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CHAPTER 1. INTRODUCTION 
The need to move superheavy load (SHL) on nation’s highway is vital economic necessity 
for many important industries such as chemical, oil, electrical etc. Many of such 
superheavy components are very large in size and weight and they often require specialized 
trailers and hauling units. The movement of such loads has become more common over the 
years. The SHL vehicles are often oversized and exceed legal gross vehicle weight (GVW), 
axle and tire load limits. Therefore, they require special permits to operate on U.S. 
highways [1,2]. Such vehicles usually operate under single-trip permits and require 
pavement structural analysis to determine that the pavement is structurally adequate to 
sustain the superheavy load movement. 
1.1. Problem Statement 
SHL hauling units are much larger in size and weight compared to the standard trucks and 
they travel at much lower speeds. They often require specialized trailers and components 
that are assembled to suit the SHL vehicle’s characteristics. Although the tires used in the 
transport are often conventional, which enables the use of existing methodologies in 
addressing critically important issues such as pavement-tire interaction stresses etc., the 
axle and tire configurations to be used in the hauling are variable. This means that the 
spacing between tires and axles is not standard and the tire imprints as a whole can span 
more than the entire width of a lane. Two examples of permitted SHL vehicles are depicted 









Figure 1.2. Example configuration of a permitted SHL vehicle (fragmented axle configuration).
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Table 1.1 summarizes examples for axle and tire configurations observed in SHL 
vehicles from past permits collected from select state highway agencies (SHA). The axle 
weights for the SHL vehicles varied between about 25,000 lb and 131,000 lb. An axle can 
have between 4 and 12 tires with an axle width anywhere between about 12 ft and 25 ft. 
The distance between the adjacent axles ranged between 4 ft 7 inch and 12 ft 1 inch. 
Depending on the SHL configuration, the tire load was as low as 3,538 lb and as high as 
16,341 lb. Efforts to study SHL axle and tire configurations revealed that the SHL vehicles 
cannot be categorized into one or more common and generic configurations. Therefore, it 
is imperative that non-generic nature of the axle and tire configurations is considered in a 
realistic manner for studying pavement distresses under a SHL vehicle move. 
 
Table 1.1. Examples for SHL Vehicle’s Axle and Tire Configurations from Past 
SHA Permits. 
SHL information State 
Arizona Louisiana Nevada New York 


















Number of tires per 
axle 
8 4, 8, and 12 4 and 8 4 and 8 
Axle width (measured 
out-to-out edges of the 
outside tires) 
18 ft 4 inch – 
20 ft 4 inch 
17 ft 5 inch – 24 
ft 7 5/16 inch 
– 12 ft 10 inch – 




6 ft – 12 ft 1 
inch 
4 ft 7 inch – 11 
ft 3/4 inch 
– 4 ft 11 inch – 
5 ft 
Tire load (lb) 5,000 – 6,460 7,028 – 16,341 2,580 – 11,500 3,538 – 6,575 
Tire width 8 1/4 inch to 
11 inch 
1 ft 1/2 inch – 1 
ft 2 inch 
– 1 ft 1/2 inch – 




As a representative example, the case of a five-line load model is shown in Figure 
1.3 (plan view) and Figure 1.4 (elevation view). The surface load configuration consists of 
a uniform spacing between the axles in vehicle direction. On the other hand, spacing in the 
transverse direction is not uniform through the entire width. The elevation plot (Figure 1.4) 
shows the overlapping of vertical stress (σv) at deeper locations within the pavement. These 
overlapping stresses at any interior plane can fall under one of the three cases shown in 
Figure 1.5 through Figure 1.7. Case 1 represents no overlapping (Figure 1.5), while Case 
3 shows substantial overlapping of vertical stresses (Figure 1.7). The σv resulting from 
surface tire loads of the SHL vehicle is expected to overlap beyond a specific depth within 
the pavement structure. The extent of overlapping is highly affected by the surface load 
magnitude and configuration as well as the pavement layer properties and thicknesses. 
The vertical stress distribution below the pavement surface under a SHL vehicle 
can become important since such high tire loads as well as overlapping stress distributions 
under the tire loads can render a critical condition of instantaneous ultimate or localized 
shear failure, especially in the influenced zone of the subgrade. It should be noted that the 
most vulnerable layer for shear failure is mostly the pavement subgrade layer since it 
represents the weakest layer in the pavement structure. Furthermore, unexpected excessive 
surface deflections leading to premature pavement distresses (e.g., permanent deformation) 
need to be accounted in the cases of SHL movements. In addition to the likelihood of 
instantaneous shear failure, critical concerns exist with respect to the stability of sloped 
pavement shoulders as well as the integrity of existing buried utilities under a SHL vehicle 
move. Last but not least, determination of the pavement damage associated cost attributable 




Figure 1.3. Five-line model for SHL simulation – Plan view. 
 
 
Figure 1.4. Five-line model for SHL simulation – Elevation view. 
 
 
Figure 1.5. σv distribution within pavement – Case 1. 
 
 
Figure 1.6. σv distribution within pavement – Case 2. 
 
 
Figure 1.7. σv distribution within pavement – Case 3. 
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In order to scrutinize the aforementioned concerns associated with SHL movements 
on flexible pavement in a mechanistic manner, the properties of existing pavement layers 
need to be realistically characterized. The slow-moving SHL vehicle plays a major role in 
the viscoelastic behavior of the asphalt concrete (AC) layer. On the other hand, the stress-
dependent resilient behavior of unbound layers is highly influenced by the non-
conventional axle configuration and tire loading of a SHL vehicle. Such aspects should be 
regarded when determination of pavement responses under SHL movement is undertaken.  
In summary, the evaluation of SHL movements on flexible pavements should be 
cognizant of the following important factors: 
 Non-conventional SHL vehicle axle and tire loadings and configurations; 
 Slow-moving nature of SHL vehicle in relation to viscoelastic properties of AC 
layer; 
 Role of higher magnitude stress states induced by a SHL vehicle move on stress-
dependent behavior of unbound materials; 
 Likelihood of ultimate and localized shear failure in the influenced zone of the 
subgrade layer; 
 Likelihood of excessive pavement surface deflections; 
 Role of SHL vehicle move on the stability of a sloped pavement shoulder; 
 Impact of SHL vehicle on the integrity of existing buried utilities; and  




1.2. Objectives and Scope of Work 
In this study which is part of a Federal Highway Administration (FHWA) project on 
Analysis Procedures for Evaluating Superheavy Load Movement on Flexible Pavements, a 
comprehensive mechanistic-based analysis approach consisting of several analysis 
procedures was developed. These developed analysis procedures seek to address the 
critical factors associated with SHL movement on flexible pavements.  
Figure 1.8 shows the flowchart of the overall approach developed as part of this 
study. In general, the approach consists of the following four major components: Ultimate 
Failure Analyses, Buried Utility Risk Analysis, Service Limit Analyses, and Cost 
Allocation Analysis. It should be noted that mitigation strategies may be needed at any 
stage of the evaluation process when the calculated results fail to meet the imposed 
respective requirements. 
The first step of the approach involves a risk analysis of instantaneous or rapid load-
induced ultimate shear failure. As subgrade (SG) is generally the weakest layer in 
pavement structures, the bearing failure analysis investigates the likelihood of general 
bearing capacity failure under the SHL vehicle within the influenced zone of the subgrade 
layer. The sloped shoulder failure analysis examines the bearing capacity failure and the 
edge slope stability associated with the sloping ground under the SHL vehicle move. Once 
the ultimate failure analyses are investigated and ruled out, whenever applicable, a buried 
utility risk analysis is then conducted. In this analysis, the induced stresses and deflections 
by the SHL vehicle on existing buried utilities are evaluated and compared to established 
design criteria. Subsequently, if no mitigation strategies are needed, service limit analyses 
for localized shear failure and deflection-based service limit are conducted. The localized 
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shear failure analysis investigates the possibility of failure at the critical location on top of 
the subgrade layer under the SHL vehicle. The deflection-based service limit analysis 
assesses the magnitude of the load-induced pavement deflections during the SHL 
movement. For instance, this analysis may suggest the need for mitigation strategies in 
order to meet the imposed acceptable surface deflection limits. After successfully 
completing all previously described analyses (i.e., Ultimate Failure Analyses, Buried 
Utility Risk Analysis, and Service Limit Analyses), a cost allocation analysis is then 
conducted. It should be mentioned that the procedure to evaluate the pavement damage 
associated costs attributable to SHL vehicle move is not presented in this dissertation and 





Pavement Damage Associated Costs
(PDAC)
 SHL Analysis Vehicle
Subgrade Bearing Failure Analysis
Sloped Shoulder Failure Analysis
Localized Shear Failure Analysis
Deflection-Based Service Limit Analysis

























This dissertation presents the aforementioned analysis procedures and 
corresponding theoretical concepts in a detailed manner. As discussed in the next chapters, 
complementary verification and calibration processes of a number of important theoretical-
based aspects that were incorporated in the proposed procedures are also presented.  
As part of the verification and calibration processes, a comprehensive experimental 
program was designed and carried out at the University of Nevada, Reno (UNR). This 
program utilized UNR’s full-scale pavement/soil testing facility (UNR Large-Scale Box) 
which is a large-scale square box with internal dimensions of 124 inch by 124 inch by a 
height of 72 inch. Figure 1.9 shows the drawing of the UNR Large-Scale Box. 
 
 




A total of five Large-Scale Box experiments were performed and they all represent 
typical pavement structures. Specific characteristics of the experiments are presented in 
Table 1.2. All experiments had, whenever applicable, the same layer thicknesses for asphalt 
concrete (AC), crushed aggregate base (CAB), and subgrade (SG). The experimental setup, 
characterization of materials that were used in the experiments, construction practices, and 
instrumentation plans for each experiment are comprehensively explained Appendix A. 
Each experiment was extensively instrumented to provide a comprehensive 
database of the system response. In all cases, the vehicular loading was simulated using a 
11.9 inch circular plate. Linear variable differential transformers (LVDTs) were used to 
record surface pavement deformations up to 60 inch from the center of the surface load. 
Surface and embedded accelerometers (ACC) were installed to measure accelerations at 
various locations that in turn can be used to estimate the displacements at the same 
locations. Total Earth Pressure Cells (TEPC) were used to capture the stresses induced in 
the CAB and SG layers due to surface loading. 
At different stages of verification and calibration process, as needed, numerical 
modeling using 3D-Move Analysis software, ILLI-PAVE, and BAKFAA software were 
employed [4,5,6]. In addition, FWD measurements as well as laboratory material testing 
were obtained from National Airport Pavement Test Facility (NAPTF) of the Federal 
Aviation Administration (FAA) and from Accelerated Pavement Testing (APT) at the 






Table 1.2. UNR Large-Scale Box Experiments. 
Experiment 
No. 
Descriptiona Loading Protocolb 
1  SG only (No AC or CAB) 
 Apply loads on top of SG 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading duration for low number of 
cycles 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
2  Unbound materials only (CAB and 
SG) 
 Apply loads on top of the CAB 
3  Control section (full pavement 
structure: AC, CAB, and SG) 
 Apply loads on top of the AC layer 
4  Impact of sloped shoulder (Full 
pavement structure: AC, CAB and 
SG with 1:1.5 side slope) 
 Apply loads on top of the AC layer 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading at three locations: 12, 24 
and 36 inch from the edge of the 
slope. 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
5  Impact of loading on two buried 
utilities (Full pavement structure: 
AC, CAB and SG) 
 Apply loads on top of the AC layer 
at three different locations 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading duration for low number of 
cycles 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
a AC, CAB, and SG denotes Asphalt Concrete, Crushed Aggregate Base, and Subgrade, 
respectively. 
b FWD denotes Falling Weight Deflectometer. 
 
In this study, 3D-Move Analysis software was employed as the computational 
model to evaluate pavement responses under a SHL vehicle move. 3D-Move Analysis 
software uses a finite-layer approach and account for viscoelastic material behavior. 
Furthermore, the 3D-Move model is capable of analyzing SHL vehicle axles moving at 
constant speed with non-uniform and/or non-circular tire loads. The ability to model SHL 
vehicle speed is critical because SHL vehicles operate at notably low speeds which can 
cause significant pavement damage. Furthermore, surface shear stresses in both 
longitudinal and transverse directions can be modeled independently with no limitation 
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such as symmetry. This is very important when analysis of interface shear stresses from 
vehicle breaking are to be investigated.  
As part of this study, a comprehensive user-friendly software package which is 
called SuperPACK (Superheavy Load Pavement Analysis PACKage) was developed. 
Incorporating 3D-Move ENHANCED analysis engine in conjunction with the 
implementation of developed analysis procedures resulted in a comprehensive and user-
friendly package to evaluate the impact of SHL movements on flexible pavements. It 
should be noted that 3D-Move ENHANCED in particular is capable of providing three-
dimensional (3D) surface plots for a specific pavement response at a desired depth, where 
the distribution of a critical pavement response needs to be generated. Additionally, layer 
interface conditions such as debonding or slippage can be modeled using 3D-Move 
ENHANCED. In addition to the aforementioned capability of 3D-Move Analysis software, 
these recently added unique features make 3D-Move ENHANCED a robust pavement 
response analysis model. 
As mentioned earlier, mitigation strategies may be needed at any stage of the 
evaluation process when the calculated results fail to meet the imposed respective 
requirements. Table 1.3 presents mitigation strategies that can attenuate the SHL vehicle-
induced distresses and damages, while some of the strategies are limited to only one type 







Table 1.3. Select Mitigation Strategies Applicable to SHL Movement. 








 Spread the load over larger area 
 Easy to deploy 
 Applicable for ultimate failure, 
buried utility failure, and 
service limit failure 
 Cost (e.g., heavy 






 Spread the load over larger area 
 Easy to deploy 
 Applicable for ultimate failure, 
buried utility failure, and  
service limit failure 






 Spread the load over larger area 
 Applicable for ultimate failure, 
buried utility failure, and  
service limit failure 








 Spread the load over larger area 
 Applicable for ultimate failure, 
buried utility failure, and  
service limit failure 
 Cost (e.g., relatively 





Increase the clearance 
from the sloped edge 
 Easy to apply 
 
 Applicable only for 
sloped shoulder failure 
Reducing the operating 
pressure in the pipe 
 Easy to apply 
 
 Applicable only for 
flexible buried utility 
failure 
Reassemble SHL vehicle 
configuration 
 Applicable for 
ultimate failure,  
buried utility failure, and  
service limit failure 
 Cost 
 Constraints related to 
axle spacing and 
capacity 
Reroute  Applicable for 
ultimate failure,  
buried utility failure, and 
service limit failure 
 Traffic control 








CHAPTER 2. SUPERHEAVY LOAD CONFIGURATIONS AND NUCLEUS OF 
SHL VEHICLE 
SHL vehicles consist of specialized trailers and components with non-conventional axle 
and tire configurations. They are much larger in size (spanning more than one lane) and 
weight and may involve gross vehicle weights in excess of a few million pounds. The 
information regarding the tire and axle loads and configurations collected from a select 
number of State Highway Agencies (SHAs) revealed that existing tire and axle 
configurations of SHL hauling units cannot be classified into one or more identical and 
generic configurations (see Table 1.1) [7]. Accordingly, the evaluation of SHL induced 
pavement distresses requires a realistic simulation of the SHL vehicle considering the non-
generic nature of the axle and tire configurations. To do so, the following steps “Axle 
Grouping of SHL Vehicle” and “Nucleus of SHL Analysis Vehicle” are followed. 
2.1. Axle Grouping of SHL Vehicle 
In general, SHL vehicles fall under three categories. In the first category, similar axles (i.e., 
similar number of tires per axle, spacing between the tires, and tire load) are evenly 
distributed along the entire length of the SHL unit. In this category, the spacing between 
the axles are close enough so that the stress distributions from the tires on two adjacent 
axles clearly overlap beyond a specific depth (e.g., top of SG). For instance, in the 
permitted SHL vehicle illustrated in Figure 2.1 (see the original permit in Figure 1.1), 
similar axles were evenly distributed with the spacing of 4.6 feet along the entire length of 
SHL unit. In this case, all the axles can be treated as belonging to one group. 
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In the second category, the SHL unit consists of two or more separate dollies where 
the gap between the dollies are relatively large in comparison with the spacing between the 
axles present within the dollies. Figure 2.2 illustrates a permitted SHL vehicle consisted of 
4 individual dollies where each dolly had 6 axles and 12 tires per axle (see the original 
permit in Figure 1.2). The spacing between the dollies is as much as 38 feet. In such a case, 
each dolly should be considered as one group (i.e., total of four groups). 
The third category covers general cases with any axle configuration. Figure 2.3 shows a 
schematic of a SHL vehicle configuration retrieved from a Nevada Department of 
Transportation (NDOT) permit. The axle configuration for the SHL vehicle shown in this 
figure is divided into seven axle groups: the steering single axle, a tridem axle, and five 
tandem axles. 
In order to accommodate all three categories outlined above, the axle grouping 
defines the groups within the SHL truck domain when each group contains axle(s) with 
identical tire configuration and load and spacing between the axles is less than 60 inch. It 
should be mentioned that the selected limit of 60 inch is consistent with the routinely used 
assumption to consider tire groups present on only one side of the standard truck. In other 
words, when the pavement responses from a standard truck are evaluated, the influence of 
the tire groups in the transverse direction is not included. Furthermore, previous studies 
revealed that when the spacing between two adjacent axles are more than 60 inch, there is 










Figure 2.2. Example configuration of a Louisiana permitted SHL vehicle (fragmented axle configuration).
Axle Spacing = 4 ft - 9 1/16 inch 
Length of Vehicle = 128 ft – 4.8 inch, Width of Vehicle = 17 ft – 5.8 inch, GVW = 3,660,552 lb 
Axle Spacing = 
4 ft - 7 inch 
Axle Spacing = 
4 ft - 7 inch 
Axle Spacing = 
4 ft - 7 inch 
Axle Spacing = 
4 ft - 7 inch 
Spacing between Dollies = 37 ft - 11 inch 







  5 ft      5 ft                       4 ft 9 inch         4 ft 9 inch                   4 ft 9 inch        4 ft 9 inch        4 ft 9 inch 
16 ft                                     14 ft                        14 ft                      38 ft                        14 ft                 14 ft 
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Figure 2.3. Example configuration of a permitted SHL truck in Nevada. 
 
2.2. Nucleus of SHL Analysis Vehicle 
Nucleus is defined as a segment (or element) of each axle group configuration that can be 
regarded as representative of the axle group. Using this element (i.e., Nucleus), the vertical 
stress, σv, distribution (or any other pavement responses) under the entire SHL 
configuration can be estimated by superimposing the stresses calculated under the Nucleus, 
hence eliminating the need to model the entire SHL. 
To identify a representative Nucleus for an axle group, an incremental tire load 
approach is used. First, a single tire load is applied at the surface of known pavement layer 
thicknesses and properties (see Figure 2.4). The σv response is then calculated at the point 
of interest (i.e., centerline of the tire load at the specific depth which is generally top of SG 
layer). Afterwards, as illustrated in Figure 2.5, the next tire load presents in travel direction 
is added, where the σv at the point of interest is observed. Additional tire loads are applied 
one at a time and the pavement σv values at the point of interest are monitored (see Figure 
2.6 and Figure 2.7). The tire addition process continues until the last added tire load does 




not affected by adding a new tire in that direction. In a similar fashion, the number of tires 
in the transverse direction of the Nucleus configuration can be identified. It should be 
mentioned that axle configurations and tire loads, vehicle speed, pavement structure and 
material properties, and AC layer temperature play major role in the identification of the 
Nucleus of SHL’s axle group(s). Comprehensive sensitivity analysis to study the impact of 
aforementioned factors can be found elsewhere [3,9]. 
 
 
Figure 2.4. Incremental tire load approach – single tire (red filled circle). 
 
 






Figure 2.6. Incremental tire load approach – three tires (red filled circles). 
 
 
Figure 2.7. Incremental tire load approach– four tires (red filled circles). 
 
2.2.1. Illustration of Nucleus Determination for a SHL Configuration 
SHL case No. LA-8T-14 shown in Figure 2.1 (see the original permit in Figure 1.1) has 
been selected to illustrate the variety of the steps associated with the approach for 
determination of SHL Nucleus. The vehicle had 28 axles and 8 tires per axle and the GVW 
was over 3.6 million lb with a tire load of 16,342 lb. Since the entire SHL vehicle consists 
of uniformly spaced axles of less than 60 inch, there exists only one axle group for this 
case. The axle and tire configurations of the SHL vehicle are summarized in Table 2.1. 
As summarized in Table 2.2, three conventional pavement structures with different 
layers’ thicknesses consisting of asphalt concrete (AC) layer on top of crushed aggregate 




behavior was considered as linear viscoelastic, while unbound material (CAB and SG) 
were assumed to behave linear elastic. 
 













(ft) (inch) (ft) (inch) 
3,660,552 28 8 17 5 13/16 4 9 1/16 16,342 
 
Table 2.2. Layers’ Thicknesses of the Three Pavement Structures. 
Pavement Structure Layer Thickness (inch) 
AC CAB SG 
PS No.1 6 8 Semi-infinite 
PS No.2 9 10 Semi-infinite 
PS No.3 12 12 Semi-infinite 
 
Table 2.3 summarize the material properties of each layer. The viscoelastic 
properties of the AC layer were characterized using the dynamic modulus (E*) laboratory 
data and asphalt binder properties as a function of temperature and frequency (see Table 
2.4 and Table 2.5). The dynamic modulus data are for a typical dense-graded Hot Mix 
Asphalt (HMA) with a PG64-22 unmodified asphalt binder [10]. 
The 3D-Move Analysis software was used to compute the stress distributions 
within the pavement structure. It may be noted that AC layer temperature of 100ºF and the 
SHL vehicle operational speed equal to 10 mph was considered in the analysis. 
 
Table 2.3. Material Properties of the Three Pavement Structures. 
Layer Type Material Unit Weight (pci) Poisson's Ratio MR (psi) 
AC Linear Viscoelastic 0.08 0.40 Variable 
CAB Linear Elastic 0.06 0.40 30,000 









Dynamic Modulus, E* (psi) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 693,889 1,012,294 1,163,463 1,530,813 1,690,524 1,898,005 
70 141,296 262,736 334,941 554,052 670,382 842,418 
100 21,439 45,076 61,705 123,984 164,420 233,925 
130 4,025 7,934 10,801 22,592 31,147 47,465 
 
Table 2.5. Phase Angle Values for a Typical Dense-Garde HMA with PG64-22. 
Temperature 
(°F) 
Phase Angle (Degrees) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 22.1 19.0 17.3 15.5 15.9 18.1 
70 31.2 29.8 30.1 27.8 27.4 26.3 
100 28.5 29.9 31.3 35.0 35.5 36.8 
130 23.2 26.8 27.0 33.9 34.1 40.1 
 
As illustrated in Figure 2.8, considering the SHL move on PS No.2 (i.e., 9 inch of 
AC layer, 10 inch of CAB, and SG), two additional tires in each direction were influential 
and therefore, to generate the maximum vertical stress, the representative Nucleus becomes 
a group of five by five tires.  
Summary of the sensitivity analysis by changing the AC layer temperature and 
using similar pavement structure and SHL configuration is presented in Table 2.6. It can 
be seen that as AC layer temperature decreases that indicates increase in AC layer stiffness, 
the number of tires that create the Nucleus increases. In a similar manner, as pavement 
structure become thicker (i.e., stiffer), the Nucleus contains higher number of tires. On the 
other hand, as shown in Figure 2.9, the maximum load-induced vertical stress at the SG 
surface drops with the increase in layers’ thicknesses and/or decrease in AC layer 



































Axle Spacing = 4 ft - 9 1/16 inch 











Nucleus Size σv max 
(psi) Number of Tires in 
Travel Direction 
Number of Tires in 
Transverse Direction 
PS No.1 100 1 1 14.9 
70 1 2 10.3 
40 2 2 7.3 
PS No.2 100 2 2 9.8 
70 2 3 6.6 
40 2 4 4.6 
PS No.3 100 2 1 7.1 
70 2 3 4.8 
40 4 4 3.2 
 
 
Figure 2.9. Maximul load-induced vertical stresses on top of SG layer. 
 
2.3. Overall Summary 
Superheavy load (SHL) hauling units are much larger in size and weight compared to the 
standard trucks. They often require specialized trailers and components that are assembled 






























axles is not standard and the tire imprints as a whole can span more than the entire width 
of a lane.  
The information regarding the tire and axle loads and configurations collected from 
a select number of SHAs revealed that existing tire and axle configurations of SHL hauling 
units cannot be categorized into one or more identical and generic configurations. 
Therefore, it is imperative that non-generic nature of the axle and tire configurations is 
regarded in a realistic manner for studying the pavement distresses subjected to a SHL 
vehicle move. Accordingly, two steps of analyses including “Axle Grouping of SHL 
Vehicle” and “Nucleus of SHL Analysis Vehicle” are followed. 
As a first step of analysis, the entire SHL vehicle load configuration is divided into 
individual axle groups depending on the interaction between tires that are present in the 
axle groups. The interaction between the groups are minimal because of the wider spacing 
between them.  
Afterwards, a representative element for the axle group(s) configuration which is 
referred to as Nucleus is identified. The vertical stress distribution (or any other pavement 
response) under the entire SHL configuration can be estimated by superimposing the 
stresses calculated under the Nucleus, hence eliminating the need to model the entire SHL.  
Subsequently, the critical axle group defined by the highest induced vertical stress 
under its Nucleus is determined. This critical axle group is employed to compute the state 
of stresses in the unbound layers leading to the determination of representative material 
properties for these layers. The Nucleus of each axle group is then used to investigate the 
likelihood of ultimate shear failure in the subgrade. However, service limit analyses 




conducted for the critical axle group, as a conservative measure. In addition, slope stability 
analysis as well as buried utility risk analysis utilize the stresses induced by the Nucleus of 







CHAPTER 3. MATERIAL CHARACTERIZATION FOR SUPERHEAVY LOAD 
MOVEMENT ANALYSIS 
The pavement responses are critical inputs to assess the risk of instantaneous shear failure 
in the pavement structure under a superheavy load (SHL) vehicle move. In addition, 
investigation of sloped pavement shoulder failure, risk analysis of buried utilities, service 
limit failure criteria, as well as pavement damage associated costs require reliable 
estimation of pavement responses during the SHL movement. Therefore, one of the major 
tasks is to estimate pavement responses (i.e., stress, strain, and deflections) under SHL 
vehicle moves. Focus is to be given to understanding the impact of governing factors such 
as lower SHL vehicle speed compared to normal truck, non-standard vehicle loading (e.g., 
tire and axle configurations, tire loading and inflation pressure) on pavement layer material 
properties. 
A critical input for the analysis of a SHL vehicle move using numerical models is 
the material properties of the existing pavement layers. These properties should 
appropriately represent the characteristics of the materials that exist at the time of the SHL 
movement. Dynamic modulus, E*, is the primary material property of asphalt concrete 
(AC) layers which is function of temperature and loading frequency. On the other hand, 
the stiffness of unbound layers, such as the crushed aggregate base (CAB) and the subgrade 
(SG), is affected by the load induced stresses, however independent of loading frequency. 
On the other hand, it is a routine practice to assume pavement layers as linear elastic 
when considering customary truck traffic loading. This assumption may result in 




with non-conventional axle configuration and tire loading. Therefore, the following two 
main concerns need to be regarded when the analysis of a SHL move is undertaken: 
 SHL vehicles usually move at a lower operational speed (typically at 10 to 30 mph) 
compared to the standard traffic speed. Hence, the role of lower speed needs to be 
addressed when characterizing the existing AC layer. 
 Since the resilient modulus of unbound layers are stress-dependent, it is essential 
to consider the effect of load-induced state of stresses in the stiffness properties 
(i.e., resilient modulus) of unbound layers. 
The 3D-Move model is an efficient dynamic finite layer based model that uses 
frequency domain approach to calculate pavement responses under static and dynamic (i.e., 
moving) surface loads. The software can account for the viscoelastic properties of the AC 
layer and the non-uniform tire-pavement interface stresses (normal and shear) on any shape 
loaded area. As detailed subsequently, the use of the dynamic modulus master curve for 
AC layer, which is a readily accepted input for 3D-Move can address the issue related to 
the lower SHL vehicle speed (i.e., role of the SHL vehicle speed). Furthermore, with the 
use of the master curve, it is possible to account for the difference in temperature between 
the time of Falling Weight Deflectometer (FWD) measurement and the time of SHL 
vehicle move. Under such circumstances, 3D-Move Analysis software was seen as an ideal 
candidate to evaluate pavement responses. In this chapter, the approach to develop dynamic 
modulus master curve for an existing AC layer for use with 3D-Move Analysis software is 
presented. 
Though the finite element method may be a choice to characterize the non-linear 




been adopted. In this approach, the finite-layer based 3D-Move Analysis software which 
uses a uniform layer stiffness value that does not vary in lateral direction, is used in 
conjunction with appropriately selected uniform stiffness values for the existing unbound 
pavement layers. This approach is also described in this chapter. 
3.1. Characterization of Asphalt Concrete Materials 
Dynamic modulus, E*, is the most important asphalt mixture material property that is used 
in mechanistic-empirical (ME) pavement analysis and design procedures such as the 
Mechanistic-Empirical Pavement Design Guide (MEPDG) [11]. The E* measurement 
considers the frequency and temperature dependency of an asphalt material. 
Asphalt mixture samples are usually subjected to sinusoidal cyclic axial loading 
with varying frequencies at different temperatures (i.e., dynamic modulus test). The 
amplitude of the dynamic modulus, E*, is strongly dependent on the testing temperature 
and frequency of the loading. By conducting series of dynamic modulus tests at various 
temperatures and frequencies, dynamic modulus master curve can be developed. The 
master curve is a representation of the dynamic modulus as a function temperature and 
loading frequency. Figure 3.1 shows the dynamic modulus master curve for an asphalt 
mixture at two different temperatures. The dynamic modulus increases with an increase in 
loading frequency or a decrease in temperature. Subsequently, the E* versus frequency 





Figure 3.1. Typical dynamic modulus master curve for an asphalt mixture. 
 
3.1.1. Overview of Dynamic Modulus Master Curve Development 
Master curve is constructed using the principle of time-temperature superposition by 
shifting the measured dynamic modulus data, E*, at different temperatures to a reference 
temperature with respect to frequency. This process continues until the data merge into a 
single smooth curve (see Figure 3.2). As depicted in Figure 3.3, the temperature 
dependency of the material is represented by the amount of shifting required at each 


























Master Curve @ 68⁰F.





Figure 3.2. Construction of dynamic modulus master curve. 
 
 
Figure 3.3. Shift factor as a function of temperature. 
 
Dynamic modulus master curve is represented by a sigmoidal function expressed 
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Measured Dynamic Modulus @ 40⁰F
Measured Dynamic Modulus @ 68⁰F























Equation 3.2. Since the viscosity of an asphalt binder (η) is a function of temperature, the 
shift factor can be determined as a function of viscosity (see Equation 3.3) [12]. 
 
𝑙𝑜𝑔(𝐸∗) = 𝛿 +
𝛼
1 + 𝑒𝛽+𝛾𝑙𝑜𝑔(𝑡𝑟)
 Equation 3.1 
 
𝑙𝑜𝑔(𝑎(𝑇)) = 𝑙𝑜𝑔(𝑡) − 𝑙𝑜𝑔⁡(𝑡𝑟) Equation 3.2 
 
𝑙𝑜𝑔(𝑎(𝑇)) = 𝑐𝑠ℎ𝑖𝑓𝑡(log(𝜂) − log⁡(𝜂𝑟𝑒𝑓)) Equation 3.3 
 
where: 
E* : dynamic modulus;  
tr : time of loading at the reference temperature; 
α and δ : fitting parameters; 
β and γ : parameters describing the shape of sigmoid function; 
t : time of loading at temperature of interest; 
η : viscosity of asphalt binder at temperature of interest; 
ηref : viscosity of asphalt binder at reference temperature; 
cshift : fitting parameter. 
Equation 1 to 3 can be combined to arrive at the master curve sigmoidal function 
expressed by the equation in Equation 3.4. It should be noted that α, δ, β, γ and cshift are 
determined by nonlinear optimization. 
 









The relationship between an asphalt binder viscosity and temperature is highly 
nonlinear. However, proper transformation can be applied to the viscosity and temperature 
to establish a linear relationship between these parameters [13]. The viscosity-temperature 
susceptibility relationship which is commonly referred as “A-VTS” relationship is 
expressed by Equation 3.5. Accordingly, by knowing A and VTS parameters, the viscosity 
of asphalt binder at the temperature of interest can be determined. 
 
𝑙𝑜𝑔⁡(𝑙𝑜𝑔(𝜂)) = 𝐴 + 𝑉𝑇𝑆 ∙ 𝑙𝑜𝑔⁡(𝑇𝑅) Equation 3.5 
 
where: 
η : viscosity of the asphalt binder at the temperature of interest; 
TR : temperature in Rankine; 
A : intercept of Viscosity-Temperature Susceptibility relationship; and 
VTS : slope of Viscosity-Temperature Susceptibility relationship. 
3.1.2. Field Damaged Dynamic Modulus Master Curve 
It is obvious that a deteriorated pavement is more vulnerable for failure and further 
deterioration under traffic loading, particularly when it is subjected to a non-conventional 
SHL vehicle move. Therefore, the pavement material properties utilized in the pavement 
analysis under a SHL move should represent the actual condition of a pavement structure. 
For the AC layer, reduction in the AC layer stiffness due to existing damage (i.e., cracking) 




In this section, a step-by-step approach to establish the dynamic modulus master 
curve for an existing AC layer which is referred to as “field damaged dynamic modulus 
master curve” is presented. Figure 3.4 illustrates the overall approach which is expanded 
from the current approach used in the AASHTOWare Pavement ME software® when 
conducting a rehabilitation design of AC overlay of AC pavements [11]. 
The illustrated approach consists of determining the field damaged dynamic 
modulus master curve of the existing AC layer following two major steps: (1) the 
determination of viscosity-temperature susceptibility relationship of the asphalt binder 
(Step 1), and (2) the construction of the damaged dynamic modulus master curve (Step 2). 
The first step (i.e., Step 1) is accomplished by either calculating A and VTS parameters from 
measured data (Option 1A), or by estimating the A and VTS parameters from a database. 
The second step is accomplished by either collecting and conducting dynamic modulus 
testing on cores from the wheel path (Option 2A), or by estimating the damaged dynamic 
modulus master curve (Option 2B). The later requires first the characterization of the 
undamaged dynamic modulus master curve which can be done by either collecting and 
conducting dynamic modulus testing on cores from between the wheel paths (Option 2B-
1A), or by using the Witczak predictive model. The predictive model requires inputs related 
to asphalt binder properties, aggregate gradation, and mixture volumetric properties that 
can be determined from testing on core samples collected from between the wheel paths or 
estimated from historical data. The final step under Option 2B is to characterize the damage 
due to fatigue cracking in the AC layer. This is done by either conducting FWD testing in 
the most trafficked wheel path (Option 2B-2A), or by estimating the damage from a 




In this approach, the damaged dynamic modulus of the AC layer can be either 
determined from laboratory testing of core samples collected directly from the pavement 
where the SHL movement is anticipated to take place, or from non-destructive techniques 
through the use of FWD measurements along with field survey and historical data. Figure 
3.5 shows the measurements and properties needed for determining the damaged dynamic 
modulus of the AC layer from testing of core samples or from non-destructive techniques. 
















3.1.2.1. Step 1: Determination of Viscosity-Temperature Susceptibility Relationship of 
Asphalt Binders 
As shown in Figure 3.4, the first step to establish the damaged dynamic modulus master 
curve for the existing AC layer is to determine the Viscosity-Temperature susceptibility 
relationship for the asphalt binder used in the asphalt mixture. To this end, two options 
were considered for determining the A and VTS parameters: (a) calculated directly from 
measured rheological properties of the asphalt binder (herein referred to as Option 1A), or 
(b) estimated from a database of A-VTS values based on asphalt binder grade (herein 
referred to as Option 1B). These two options are described in the following sections.  
3.1.2.1.a. Option 1A: Calculated A and VTS Parameters from Measured Shear Modulus 
and Phase Angle 
The asphalt binder shear modulus, G*, and phase angle, δb, obtained from Dynamic Shear 
Rheometer (DSR) testing (i.e., AASHTO T315) at certain temperatures (at least three 
temperatures) are used with Equation 3.6 to calculate the viscosity of the asphalt binder at 
the respective temperatures [11,14]. Using the calculated viscosities and Equation 3.5, A 
and VTS parameters are calculated. It should be noticed that a representative asphalt binder 
recovered from the existing AC layer should be utilized in this process. The AASHTO 
T319 procedure can be used to extract and recover the asphalt binder from core samples 















η : asphalt binder viscosity in centipoise; 
G* : shear modulus in Pascal; and  
δb : phase angle in degree. 
3.1.2.1.b. Option 1B: Estimated A and VTS Parameters from Database 
The Viscosity-Temperature Susceptibility parameters (i.e., A and VTS) can be estimated 
using Performance Grade (PG), viscosity grade, or penetration grade of asphalt binder. 
Table 3.1, Table 3.2, and Table 3.3 represent the recommended A and VTS parameters 









Low Temperature Grade 
-10 -16 -22 -28 -34 -40 -46 
VTS A VTS A VTS A VTS A VTS A VTS A VTS A 
46                 -3.901 11.504 -3.393 10.101 -2.905 8.755 
52 -4.570 13.386 -4.541 13.305 -4.342 12.755 -4.012 11.840 -3.602 10.707 -3.164 9.496 -2.736 8.310 
58 -4.172 12.316 -4.147 12.248 -3.981 11.787 -3.701 11.010 -3.350 10.035 -2.968 8.976     
64 -3.842 11.432 -3.822 11.375 -3.680 10.980 -3.440 10.312 -3.134 9.461 -2.798 8.524     
70 -3.566 10.690 -3.548 10.641 -3.426 10.299 -3.217 9.715 -2.948 8.965 -2.648 8.129     
76 -3.331 10.059 -3.315 10.015 -3.208 9.715 -3.024 9.200 -2.785 8.532         
82 -3.128 9.514 -3.114 9.475 -3.019 9.209 -2.856 8.750 -2.642 8.151         
 
Table 3.2. Recommended A and VTS Parameters Based on Penetration Grade. 
Penetration Grade A VTS 
40-50 10.5254 -3.5047 
60-70 10.6508 -3.5537 
85-100 11.8232 -3.6210 
120-150 11.0897 -3.7252 
200-300 11.8107 -4.0068 
 
Table 3.3. Recommended A and VTS Parameters Based on Asphalt Viscosity Grade. 
Penetration Grade A VTS 
AC-2.5 11.5167 -3.8900 
AC-5 11.2614 -3.7914 
AC-10 11.0134 -3.6954 
AC-20 10.7709 -3.6017 
AC-30 10.6316 -3.5480 





3.1.2.2. Step 2: Construction of Damaged Dynamic Modulus Master Curve 
The role of damage due to fatigue cracking in the AC layer should be reflected in the 
stiffness property of the asphalt mixture through a field damaged dynamic modulus master 
curve. After determining the A and VTS parameters, the field damaged dynamic modulus 
master curve for the existing AC layer can be developed using one of the following two 
options (see Figure 3.4): (a) by directly measuring the dynamic modulus property of an AC 
field core sampled from the most trafficked wheel path (herein referred to as Option 2A), 
or (b) by estimating the dynamic modulus from a comparison between the undamaged 
dynamic modulus for the asphalt material between wheel paths and the backcalculated 
modulus from FWD measurements conducted in the most trafficked wheel path (herein 
referred to as Option 2B). These two options are described in the following sections. 
3.1.2.2.a. Option 2A: Measured Dynamic Modulus on Cores from Wheel Path 
Pavement deterioration is expected to start and continually accumulate in the wheel path. 
Therefore, when conducting dynamic modulus test on the cores obtained from the wheel 
path, the role of accumulated AC damage (i.e., fatigue cracking) will be reflected in the 
stiffness property of the AC layer. To this end, the measured dynamic modulus test results 
at different temperatures and frequencies conducted on wheel path cores according to 
AASHTO T378 should be used to develop the dynamic modulus master curve for the 
existing AC layer [17]. 
It should be noted that according to AASHTO T378 test method, dynamic modulus 




following two circumstances might be encountered in the field based on the total thickness 
of the existing AC layer. 
 The total thickness of the AC layer is greater than or equal to six inch. In this case, 
the dynamic modulus test in accordance with AASHTO T378 can be performed on 
a 6-inch tall specimen cored vertically form the constructed AC layers. However, 
the existing AC layer will most likely be composed of multiple lifts (typically in 
two to three inch lifts) of either, the same asphalt mixture type or, of asphalt 
mixtures with different types or ages (e.g., a wearing course AC layer placed on top 
of a binder course AC layer, an AC overlay placed on top of an existing AC layer, 
etc.). In either case, the dynamic modulus test should be conducted on a 
representative six inch core sample assuming that a good bond exists between the 
different lifts. In the case of a core sample composed of lifts with asphalt mixtures 
of different types or ages, the measured dynamic modulus is considered to be an 
equivalent modulus for the total AC layer thickness that can be used to calculate 
pavement responses under a SHL vehicle move. This is consistent with the FWD 
backcalculation standard of practice where these different lifts are combined 
together and a single backcalculated modulus is determined for the entire AC layer. 
 The total thickness of the AC layer is less than six inch. In this case, test specimens 
smaller than the standard geometry (i.e., four inch diameter by six inch tall) can be 
obtained from the existing AC layers to measure the dynamic modulus. According 
to AASHTO T378-17, the dynamic modulus test can be performed on 1.5-inch 
diameter by 4.3-inch tall test specimens. The specimens can be cored horizontally 




case, for the calculation of pavement responses under a SHL vehicle move, the lifts 
can be modeled as two separate sublayers using their respective measured dynamic 
modulus properties. In the case where the lifts are composed of the same asphalt 
mixture type, the dynamic modulus can be measured on one of the lifts and assumed 
to be the same for both lifts. Though, recognizing the fact that the stiffness values 
of the asphalt mixture form the two separate lifts are likely to vary as a result of 
differences in the in-place density and in the asphalt binder oxidation level 
throughout the AC layer depth. 
3.1.2.2.b. Option 2B: Estimated Damaged Dynamic Modulus Master Curve 
In order to estimate the field damaged dynamic modulus master curve, the undamaged 
master curve needs to be determined first (herein referred to as Step 2B-1). This can be 
accomplished by either, (1) directly measuring the dynamic modulus on core samples 
collected from between wheel paths (herein referred to as Option 2B-1A), or (2) by 
estimating the undamaged dynamic modulus using a predictive model such as the Witczak 
predictive equation (herein referred to as Option 2B-1B). The two options for establishing 
undamaged dynamic modulus master curve is represented in Figure 3.4. 
In Option 2B-1A, the dynamic modulus testing on specimens cored from between 
the wheel paths is conducted in accordance with AASHTO T378. Refer to the discussion 
in section 3.1.2.2.a, Option 2A: Measured Dynamic Modulus on Cores from Wheel Path, 
for further details. It should be noted that, when a state highway agency (SHA) selects to 
conduct testing on field core samples, collecting cores from the wheel path is then preferred 




However, some SHAs may restrict the sampling of cores from the wheel path and only 
allow it between the wheel paths. In such circumstances, Option 2B-1A will be applicable. 
In the case when measured dynamic modulus data on cores between the wheel paths 
are not available, the master curve for the undamaged dynamic modulus can be developed 
from the Witczak predictive equation shown in Equation 3.7 (Option 2B-1B) [11]. The 
predictive model incorporates mixture volumetrics, aggregate gradation, and asphalt binder 
viscosity of the asphalt mixture under consideration. 
 
log⁡(𝐸∗) = −1.249937 + 0.02923𝜌200 − 0.001767(𝜌200)





3.871977 − 0.0021𝜌4 + 0.003958(𝜌3/8) − 0.000017(𝜌3/8)
2
+ 0.00547𝜌3/4





E* : dynamic modulus of mix (105 psi); 
η : viscosity of binder (106 poise); 
f : loading frequency (Hz); 
ρ200 : percent passing No. 200 sieve; 
ρ4 : cumulative percent retained on No. 4 sieve; 
ρ3/8 : cumulative percent retained on 3/8 inch sieve; 
ρ3/4 : cumulative percent retained on 3/4 inch sieve; 
Va : air void (percent by volume); and  




The various inputs for the Witczak model can be either determined from testing of 
core samples collected from between the wheel paths, or estimated from hictorical data. 
The mixture volumetrics can be determined by testing the core samples in accordance with 
AASHTO T166 and AASHTO T209. The AASHTO T319 can be used to extract and 
recover the asphalt binder and aggregates from the core samples. The recovered asphalt 
binder is tested in accordance with AAHTO T315 in order to determined the asphalt binder 
viscosity. The recovered aggregates are used for sieve analysis in accordance with 
AASHTO T30. 
Once the undamaged dynamic modulus is determined, the next step is then to 
incorporate the existing AC damage (i.e., cracking) to obtain the damaged dynamic 
modulus master curve of the AC layer. As expressed in Equation 3.8, the role of existing 
damage in the stiffness properties of AC layer can be considered by adjusting the E* 
computed from the undamaged master curve [11]. 
 
𝐸𝑑𝑎𝑚




 Equation 3.8 
 
where: 
E*dam : existing AC layer modulus; 
E*undam : undamaged AC layer modulus for specific reduced time (from master 
curve); 
δ : fitting parameter (from undamaged master curve); and 




The fatigue damage in the AC layer (i.e., dAC) can be determined using FWD 
measurements (Option 2B-2A), condition survey data (Option 2B-2B), or general condition 
rating (Option 2B-2C) as shown in Figure 3.4. It should be noted that the FWD analysis is 
expected to provide a more accurate estimation for the AC damage and subsequent field 
damaged dynamic modulus master curve [11]. 
In Option 2B-2A, the estimation of dAC using FWD measurements requires the 
following inputs: (a) backcalculated modulus of the AC layer; (b) FWD loading frequency; 
and (c) temperature at the mid-depth of the AC layer at the time of FWD testing. The 
damaged dynamic modulus master curve is obtained through a vertical downward shift of 
the undamaged E* in such a way that it passes through the backcalculated modulus at the 
corresponding FWD loading frequency and AC layer temperature (see Figure 3.6). 
 
 





In the case when FWD measurements are not available, condition survey data can 
then be utilized (Option 2B-2B). To this end, the amount of alligator cracking (i.e., bottom-
up fatigue cracking) in the AC layer is used in the calibrated transfer function, expressed 





 Equation 3.9 
 
𝑐𝑓−𝑏𝑜𝑡 = −2𝑑𝑓−𝑏𝑜𝑡 Equation 3.10 
 
𝑑𝑓−𝑏𝑜𝑡 = −2.40874 + 39.748(1 + 𝐻𝐴𝐶)
−2.856 Equation 3.11 
 
where: 
FCAC : area of alligator cracking as percent of total lane area; 
cf-bot and df-bot : field calibrated fitting parameters; and 
HAC is the thickness of AC layer. 
When neither of FWD measurements and condition surveys are available, the 
existing AC damage can be estimated using the general condition rating (Option 2B-2C) 
given in Table 3.4. By knowing the damage and using the undamaged dynamic modulus 













Excellent No cracking, minor rutting, and/or minor 
mixture-related distresses (e.g., raveling), 
little to no surface distortions or roughness. 
0.0 - 0.2 
Good Limited load and/or non-load-related 
cracking, moderate rutting, and/or moderate 
mixture-related distresses, some surface 
distortions or roughness. 
0.2- 0.4 
Fair Moderate load and/or non-load-related 
cracking, moderate rutting, moderate amount 
of mixture-related distresses, and/or some or 
roughness (IRI > 120 inch/mile). 
0.4 – 0.8 
Poor Extensive non-load related cracking, moderate 
load-related cracking, high rutting, extensive 
mixture-related distresses, and/or elevated 
levels of roughness (IRI > 170 inch/mile). 
0.8 - 1.2 
Very Poor Extensive load-related cracking, and/or very 
rough surfaces (IRI > 220 inch/mile). 
>1.20 
 
3.2. Characterization of Unbound Materials 
The resilient modulus (MR) is an important material property for unbound materials (e.g., 
CAB and SG). The repeated triaxial resilient modulus test is performed on the unbound 
materials over a wide range of confining stress (σc) and deviator stress (σd) to capture the 
stress dependency (i.e., nonlinearity) of unbound materials [18]. As presented Equation 
3.12, the MR is defined as the applied deviator stress (σd) divided by the recoverable strain 










It is commonly accepted to treat an unbound layer as linear elastic in the traditional 
pavement analysis procedures (e.g., standard traffic loading). The FWD backcalculated 
unbound layer moduli are seen as appropriate since the stress conditions induced by FWD 
at common load levels (around 9,000 lb to 12,000 lb) and standard traffic loading are 
considered similar. In the case of SHL vehicle move analysis, considering the same FWD 
backcalculated properties for the unbound layers may lead to improper estimation of 
pavement responses since different state of stress conditions are induced in the pavement 
layers. Hence, it is necessary to consider stress-dependent resilient modulus that reflects 
the stress state induced by the SHL vehicle on the unbound layers. 
However, considering the MR relationship as a function of stress state for unbound 
materials in a pavement analysis requires a finite element type of analysis while 3D-Move 
Analysis software assumes uniform properties that do not vary in the lateral direction. To 
overcome this limitation, an iterative approach incorporating nonlinear stress-dependent 
MR relationship and the existing state of stresses in the unbound layers was employed in 
this study. This approach is described in this section. 
3.2.1. Determination of Resilient Modulus Relationship 
Various relationships have been developed to represent the MR relationship as function of 
stress state. In this study, Uzan model expressed by Equation 3.13 was adopted. This model 
is capable of considering both hardening and softening behavior of unbound material by 









K, n, and m are the regression constants. 
These regression constants can be obtained by conducting the repeated triaxial 
resilient modulus test [18]. However, time consuming and destructive process of sample 
collection, testing, and associated cost are objectionable limitations. The stress dependency 
of unbound materials are usually reflected in the backcalculated moduli when multiple and 
distinct FWD load levels are applied [19]. Therefore, the use of FWD measurements at 
multiple load levels to estimate the regression constants of stress dependent MR relationship 
was proposed. The set of backcalculated moduli in conjunction with the corresponding load 
induced state of stresses can be utilized to identify the regression constants. The following 
steps outline the approach. 
 Step 1. The backcalculated layer moduli values at each load level are used in 3D-
Move Analysis software to compute the stress tensor (σij) at a representative 
element in the unbound layers when the applied load is simulated by uniform static 
loading. For the SG layer, an element located at the depth of six inch from the top 
of subgrade and centerline of the load is treated as the representative element. For 
the other existing unbound layers in the pavement structure (e.g., base and subbase), 
the representative element is selected at the middle of the layer. 
 Step 2. The calculated induced stress tensor (σij) at the representative element are 
“transformed” into an equivalent laboratory triaxial stress testing conditions by the 
use of stress invariants, in a way similar to previous studies [20,21,22]. Stress 
invariant values are the same regardless of the orientation of the coordinate system 




are used to convert σij computed in the representative element under the FWD loads 
to deviator (d) and confining (c) stresses in a triaxial testing set-up using Equation 
3.14 through Equation 3.17. In these equations, 1, 2, and 3 are the major, 















|𝜏𝑜𝑐𝑡| Equation 3.16 
 
𝜎𝑐 = 𝜎𝑜𝑐𝑡 −
𝜎𝑑
3
 Equation 3.17 
 
 Step 3. As presented in Equation 3.18, the calculated deviator (d) and confining 
(c) stresses values at each load level can be used to compute the corresponding 
bulk stress (). 
𝜃 = 3𝜎𝑐 + 𝜎𝑑 Equation 3.18 
 
 Step 4. By knowing the backcalculated moduli at each of the load levels and the 
corresponding bulk stress () and deviator stress (d), the regression constants for 





3.2.2. Determination of Representative Resilient Modulus 
As mentioned earlier, 3D-Move Analysis software is a finite-layer method which assumes 
uniform linear elastic properties for the unbound pavement layers and subgrade. In order 
to implement the nonlinear stress-dependent resilient modulus for any unbound layer or 
subgrade, the resilient modulus relationship for the layer needs to be determined which is 
discussed in the previous section. By knowing the MR relationship and state of stresses in 
the representative elements of the layer under consideration, the representative resilient 
modulus value for the layer can be established. The following steps outline the approach. 
 Step 1. Initial resilient moduli for the unbound layers are assumed (i.e., seed 
values). The material properties for the AC layer is identified utilizing the approach 
described in section 3.1. 
 Step 2. The Nucleus of SHL vehicle is determined using the 3D-Move Analysis 
software and the seed moduli for the unbound layers. It should be mentioned that 
the methodology to determine the Nucleus of a SHL vehicle can be found in 
Chapter 2. 
 Step 3. Knowing the Nucleus and material properties specified in Step 1, the stress 
tensor (σij) at a representative depth in the unbound layers within the domain 
specified by the length and width of the Nucleus is computed. To be consistent with 
the determination of resilient modulus relationship (section 3.2.1), six inch from 
the top of subgrade surface and middle of the layers for the other existing unbound 





 Step 4. The calculated induced stress tensors (σij) at the representative depth are 
employed to identify deviator (d), confining (c), and bulk stress () stresses using 
equations presented in Equation 3.14 through Equation 3.18. 
 Step 5. From the calculated deviator (d) and bulk () stresses, the resilient modulus 
can be determined using the resilient modulus relationship (see Equation 3.13). 
 Step 6. The calculated MR for each unbound layer is compared against the seed 
value chosen in Step 1. If the difference between the two values is more than the 
threshold value (say 5 percent), the calculated resilient moduli from Step 5 are used 
as seed values in Step 2 for 3D-Move Analysis software to calculate the new stress 
tensor (σij) at the locations specified in Step 3.  
 Step 7. Until the difference between the calculated resilient modulus from two 
consecutive iterations are say within 5 percent, Step 2 to Step 6 are repeated. The 
calculated resilient modulus from the last iteration is considered as the 
representative MR for the unbound layer under the evaluated SHL vehicle. 
3.3. Characterization of Chemically Stabilized Materials 
The chemically stabilized materials consist of lean concrete, cement stabilized, open 
graded cement stabilized, soil cement, lime treated materials. This material are considered 
as linear elastic with constant elastic modulus which can be determined from the existing 
correlations with compressive strength. For instance, Equation 3.19 and Equation 3.20 
present the equation for calculating elastic modulus for lean concrete and cement treated 
base (CTB) as well as soil cement. Here, f'c is the compressive strength (psi) and qU is the 




𝐸 = 57000√𝑓𝑐′ Equation 3.19 
 
𝐸 = 1200𝑞𝑈 Equation 3.20 
 
3.4. Overall Summary 
Estimation of pavement responses under a SHL vehicle are required inputs for 
investigating the pavement structural adequacy. For determination of the pavement 
responses using numerical models such as 3D-Move Analysis software, the first critical 
step is the material characterization for the existing pavement materials. Though pavement 
layers are traditionally assumed as linear elastic, such an assumption in the case of SHL 
move may result in inappropriate estimation of pavement responses due to the difference 
in the characteristics of SHL vehicle compared to the standard truck (e.g., vehicle speed, 
axle and tire configurations, tire loading, etc.). 
Dynamic modulus, E*, is the primary material property of AC layers which is a 
function of temperature and loading frequency. The role of lower SHL vehicle speed in the 
pavement analysis can be addressed using the dynamic modulus master curve for the AC 
layer which is a readily accepted input for 3D-Move Analysis software. In order to 
incorporate existing damage in the existing AC layer, a methodology to estimate “field 
damaged dynamic modulus master curve” which considers the reduction in the AC layer 
stiffness was proposed. The overall methodology which is consistent with the current 
approach used in the AASHTOWare Pavement ME software® is summarized in Table 3.5. 
In the case of unbound materials, it is well accepted that the resilient modulus of 




by FWD loading at the common load levels (around 9,000 lb to 12,000 lb) and a standard 
truck are similar. Therefore, the FWD backcalculated moduli for unbound materials can be 
viewed as a representative stiffness in the pavement analysis when the standard truck traffic 
is of concern. However, in the case of SHL vehicle, higher state of stresses compared to 
those observed under a common FWD load level are expected. Consequently, the FWD-
based backcalculated modulus of an unbound layer may not represent the stiffness of the 
layer expected under a SHL vehicle move. In order to overcome this issue and consider the 
stress dependency of unbound layers and subgrade, an iterative approach incorporating 
nonlinear stress-dependent MR relationship and the existing state of stresses in the unbound 





Table 3.5. Determination of Field Damaged Dynamic Modulus Master Curve for an AC Layer. 








Option 1A: Calculated A 
and VTS Parameters from 
Measured Shear Modulus 
and Phase Angle 
Not applicable Not applicable  Recovered asphalt binder according to AASHTO 
T319. 
 Measured asphalt binder shear modulus and 
phase angle at a minimum of three temperatures 
according to AASHTO T315. 
Option 1B: Estimated A 
and VTS Parameters from 
Database 
Not applicable Not applicable  Asphalt binder PG grade, viscosity grade, or 
penetration grade. 




Option 2A: Measured 
Dynamic Modulus on 
Cores from Wheel Path 
Not applicable Not applicable  Measured dynamic modulus according to 
AASHTO T378 on core from wheel path. 
 
Option 2B: Estimated 
Damaged Dynamic 






Option 2B-1A: Measured 
Dynamic Modulus on 
Cores from Between 
Wheel Paths 
 Measured dynamic modulus according to 
AASHTO T378 on core from between the wheel 
paths. 
 
Option 2B-1B: Dynamic 
Modulus Predictive 
Model (e.g., Witczak) 
 Asphalt mixture Volumetrics, Va and Vbeff 
(AASHTO T166 and AASHTO T209 or 
historical data).  
 Aggregate gradation (AASHTO T319 and 
AASHTO T30 or historical data). 
 Asphalt binder viscosity (AASHTO T319 and 
AASHTO T315 or historical data) 
Step 2B-2: Damage 
characterization 
Option 2B-2A: Using 
backcalculated AC layer 
modulus 
 Backcalculated modulus of AC layer. 
 FWD loading frequency. 
 Temperature at the mid-depth of AC layer. 
Option 2B-2B: Condition 
Survey Data 
 Condition survey data (percent bottom-up fatigue 
cracking). 
 Bottom-up fatigue cracking calibrated transfer 
function. 
Option 2B-2C: General 
Condition Rating 
 Pavement condition rating (Excellent, Good, 





Table 3.6. Determination of Representative Resilient Modulus for an Unbound 
Layer. 
Main Steps Options Sub-Steps 
Step 1: 
Determination of the 
Resilient Modulus 
Relationship 
Option 1A: Laboratory 
Measured Resilient 
Modulus According to 
AASHTO T307  
Not Applicable 
Option 1B: Using FWD 
Data at Multiple Load 
Levels 
 Step 1B-1. Determine the backcalculated 
modulus at each load level. 
 Step 1B-2. Compute the stress tensor at 
the representative element of the layer. 
 Step 1B-3. Calculate the equivalent 
triaxial confining, deviator, and bulk 
stresses. 
 Step 1B-4. Determine the regression 






Under a SHL 
Vehicle 
Not Applicable  Step 2-1. Assume seed value for the 
resilient modulus of the unbound layer. 
 Step 2-2. Determine the Nucleus of SHL 
vehicle. 
 Step 2-3. Compute the stress tensor at the 
representative element of the unbound 
layer. 
 Step 2-4. Calculate the equivalent triaxial 
confining, deviator, and bulk stresses. 
 Step 2-5. Estimate the resilient modulus 
using the developed resilient modulus 
relationship in Step 1 in conjunction with 
calculated deviator and bulk stresses. 
 Step 2-6. Compare the estimated resilient 
modulus with the seed value. If the 
difference is high (say more than 5 
percent), use the estimated value as a new 
seed value in Step 2-2. 
 Step 2-7. Repeat Step 2-2 to Step 2-7 until 
the differences between two consecutive 





CHAPTER 4. ESTIMATION OF SUBGRADE SHEAR STRENGTH 
PARAMETERS USING FALLING WEIGHT DEFLECTOMETER 
As noted in Chapter 1 and 2, superheavy (SHL) load components are much larger in size 
and weight and they often require specialized trailers and hauling units. These loads may 
sometimes approach to as much as 6 million pounds. The axle and tire configurations to be 
used in the hauling are variable, assembled to suit the superheavy components being 
transported. 
The vertical stress distribution below the pavement surface under a SHL vehicle 
can become important since overlapping stress distributions under the tire loads can render 
a critical condition of instantaneous failure or onset of yielding, especially in the subgrade. 
The subgrade thickness can be substantial in many field situations, however, the 
contribution of the zone in the subgrade which is affected by the truck surface load is the 
concern. This influencing zone in the subgrade which is herein referred to as pavement 
subgrade layer, needs to be characterized. It should be mentioned that in general, the most 
vulnerable layer for failure under a SHL move is the pavement subgrade layer. 
Shear strength parameters (angle of internal friction,  and cohesion, c) of the 
subgrade layer are the necessary inputs for investigating the bearing capacity (i.e., 
instantaneous) failure and the onset of yielding of subgrade layer under the superheavy 
load configuration. However, the shear strength parameters are not readily available and 
are not used in routine pavement design processes. Many researchers have questioned the 
validity of using existing database of  and c values to characterize the strength of 




subgrade, a realistic estimation under in-situ conditions for the influencing zone in the 
subgrade (i.e., pavement subgrade layer) is essential. Although laboratory testing provides 
the most reliable measurements for shear strength parameters of unbound materials (e.g., 
base and subgrade), time consuming and destructive process of sample collection, testing, 
and associated cost are objectionable limitations. On the other hand, use of engineering 
judgement can lead to an inaccurate determination of in-situ shear strength parameters. 
Hence, reasonable estimation of in-situ shear strength parameters of unbound pavement 
layers in a non-destructive manner is a desirable undertaking. 
Falling Weight Deflectometer (FWD) is one of the most acclaimed Non-destructive 
Testing (NDT) devices that simulates pavement responses under a moving truck wheel. A 
stationary impact load of known magnitude is applied to the asphalt pavement surface. The 
applied load in conjunction with the measured vertical surface displacements at different 
radial distances, called deflection basin, is routinely utilized to backcalculate the resilient 
moduli of the various pavement layers using computational backcalculation techniques. 
Estimated layers’ stiffness derived using such procedures are implemented in investigation 
of the structural adequacy of pavement structures. 
Despite the fact that FWD device has been successfully employed to estimate the 
stiffness of pavement layers and pavement structure load-carrying capacity, the 
applicability of this device to determine the in-situ shear strength properties of pavement 
layers has not been examined by researchers. A novel FWD-based methodology for 
estimating in-situ shear strength parameters (angle of internal friction,  and cohesion, c) 
of the subgrade contained within the influencing zone (i.e., pavement subgrade layer), 




of this study. The methodology includes the consideration of the stress-dependent behavior 
of subgrade material assessed based on the backcalculation process using deflection basins 
from different FWD load levels.  
In this chapter, the feasibility of FWD measurements to estimate the strength 
parameters of a subgrade layer is presented. The validity of the proposed approach was 
explored using numerical simulation of FWD measurements and FWD data collected from 
large-scale experiments on full-scale pavement structures as well as Accelerated Pavement 
Testing (APT) facilities. Variety of unpaved and paved pavement structures were utilized 
in the verification process. 
4.1. Methodology 
4.1.1. Nonlinear Hyperbolic Stress-Strain Relationship of Soils 
The laboratory triaxial compression tests have been traditionally used to determine the 
shear strength properties of soils. A typical stress-strain relationship in the triaxial 











σd : triaxial deviator stress; 
ε1 : axial strain corresponding to deviator stress; 




σdf : deviator stress at failure. 
The σdf is the asymptotic values of the deviator stress which occurs near failure 
(large displacement). By rewriting the hyperbolic equation in a linear form in terms of ε1/σd 
and ε1, deviator stress at failure and initial tangent modulus can be estimated by inversing 










 Equation 4.2 
 
In the triaxial compression test, the deviator stresses and corresponding axial strains 
are measured during the entire test that includes the soil behavior near failure. Therefore, 
fitting a linear line through available measured data (i.e., ε1/σd versus ε1) enables 
determination of the hyperbolic stress-strain relationship for the entire loading process. 
Similarly, multiple datasets of σd and ε1 induced in a representative element of subgrade 
layer resulting from multiple FWD load levels can be implemented into the hyperbolic 
equation. It should be mentioned that the FWD load levels are not expected to reach to the 
failure state which means that fitting a line through available datasets of σd and ε1 in essence 
extrapolates the measured data up to and near the failure conditions or asymptotic value 
(see Figure 4.1 and Figure 4.2). In other words, identifying an equivalent triaxial condition 
for the representative element of subgrade layer under FWD loading can lead to the 






Figure 4.1. Extrapolation of hyperbolic relationship. 
 
 
















































4.1.2. Equivalent Triaxial Condition under FWD Loading 
It is commonly accepted that the resilient modulus of unbound materials such as crushed 
aggregate base (CAB) and subgrade (SG) soils is a function of the stress conditions. Such 
a characteristic of these materials are usually reflected in the backcalculated moduli when 
multiple load levels are applied [19]. The set of backcalculated subgrade moduli at different 
load levels in conjunction with the corresponding computed load-induced state of stresses 
are utilized in the proposed procedure to determine the multiple datasets of d and 1. These 
determined set of values are then used to fit a hyperbolic relationship (refer to Equation 4.1 
and Equation 4.2). The following steps outline the proposed approach. 
 Step 1: The backcalculated layer moduli at each load level are used with a layered 
Linear Elastic Program (LEP) to compute the stress tensor (σij) at a representative 
element in the subgrade layer. An element located at the depth of BFWD/2 (BFWD is 
the diameter of the FWD plate) from the top of subgrade and centerline of the load 
can be viewed as the representative element to determine the load-induced stresses. 
The representative element (at BFWD /2 from top of subgrade surface) is bounded 
by shearing zones in the subgrade and experiences the largest vertical strain under 
circular loaded area [25]. Note that incorporating backcalculated layer moduli with 
a linear elastic program have been conventionally used steps in the mechanistic-
empirical pavement analysis and design procedures to obtain the needed critical 
pavement responses [11]. 
 Step 2: The calculated induced stress tensor (σij) at the representative element are 




use of stress invariants, in a way similar to previous studies [20,21]. Stress invariant 
values are the same regardless of the orientation of the coordinate system chosen. 
The octahedral normal (oct) and shear (oct) stresses, which are also invariants, are 
used to convert the stress tensor computed in the representative subgrade element 
under the FWD loads to deviator (d) and confining (c) stresses in a triaxial testing 
set-up using Equation 4.3 through Equation 4.6. In these equations, 1, 2, and 3 















|𝜏𝑜𝑐𝑡| Equation 4.5 
 
𝜎𝑐 = 𝜎𝑜𝑐𝑡 −
𝜎𝑑
3
 Equation 4.6 
 
 Step 3: Calculated d values at each load level are then used to compute the 
corresponding triaxial axial strain (ε1) as expressed in Equation 4.7, where (MR)SG 










 Step 4: Using the linear fit of computed multiple datasets of σd and ε1, the deviator 
stress at failure (σdf), which is equal to the inverse slope of ε1/σd versus ε1 can be 
determined. It should be mentioned that in the case when the backcalculated 
subgrade modulus decreases with increasing load level (i.e., dominant softening 
behavior), the slope of ε1/σd versus ε1 is positive which is a characteristic of fine-
grained soil. On the other hand, a negative slope indicates a hardening behavior. In 
such a case, there is no asymptotic value that represents failure and therefore the 
proposed approach is not applicable. 
 Step 5: Based on the determined σdf and computed σc-avg which is the average of the 
confining stresses at each load level (Equation 4.6), it is possible to establish only 
one single Mohr circle of failure. Hajj et al. showed that the variation of σc values 
at different load levels given by Equation 4.6 was low (within 10 percent), 
indicating that a single σc-avg value may be appropriate [22]. Accordingly, a range 
of subgrade cohesion values can be estimated using Equation 4.8 by assuming an 
acceptable range for the angle of internal friction, based on the known soil 
classification of the subgrade. It may be noted that reliable data exist in the literature 
for selecting an appropriate range of angle of internal friction based on the soil 
classification [26,28,29,30]. 
 
𝜎1 = 𝜎𝑐_𝑎𝑣𝑔 + 𝜎𝑑𝑓 = 𝜎𝑐_𝑎𝑣𝑔 ∙ 𝑡𝑎𝑛
2(45 +  2)⁄ + 2𝑐 ∙ 𝑡𝑎𝑛⁡(45 +  2)⁄  Equation 4.8 
 
Note that using linear elastic theory in conjunction with FWD measurements is the 




determination of load-induced state of stresses and strains using LEP also uses the same 
set of assumptions (i.e., stationary static axi-symmetric loading). However, the stress-
dependency of subgrade material is incorporated in the process because it employs the 
backcalculated subgrade modulus obtained from multiple FWD load levels [19]. 
4.2. Validation of Proposed Methodology 
To validate the proposed FWD-based methodology, the applicability of extrapolating 
datasets of d and 1 to the near failure level to estimate σdf was investigated first. 
Afterwards, numerical simulation of FWD testing as well as field FWD measurements 
conducted on variety of unpaved and paved pavement structures were employed to verify 
the applicability of the proposed procedure. 
4.2.1. Nonlinear Hyperbolic Stress-Strain Relationship of Soils 
As noted earlier, the FWD load levels and associated state of stresses in the subgrade layer 
do not reach the failure state of the materials. The extension of the data obtained at lower 
stress levels to the failure state enables the estimation of maximum deviator stress 
(asymptotic value). However, extrapolation of hyperbolic relationship using the measured 
data at lower state of stresses should be examined by means of measured triaxial test results. 
To this end, the results of consolidated undrained triaxial tests without pore-water 
measurements conducted on two different types of soils were employed. The first soil, used 
as subgrade material in large-scale experiments in this study, was clayey sand with gravel 
(SC) with a ϕ of 38 degrees and a c of 2 psi. The second soil is called Dupont clay with a 




Facility (NAPTF) of the Federal Aviation Administration (FAA) [30]. Figure 4.3 and 
Figure 4.4 show the deviator stress versus axial strain for the SC soil and Dupont clay at 
different confining pressures, respectively. Triaxial test results for the SC soil was only 
available at two confining pressure. 
For each sets of triaxial test results, deviator stress up to the cutoff levels of 20 
percent, 30 percent, 40 percent, and 50 percent of deviator stress at failure and 
corresponding axial strains were separately used to develop the linear form of hyperbolic 
relationship. Consequently, the estimated σdf (i.e., inverse slope) using many sets of 
truncated data was determined. Figure 4.5 and Figure 4.6 depict the estimated σdf 
normalized by the measured σdf (i.e., from triaxial tests) for different cutoff levels of 20, 
30, 40, and 50 percent of the measured σdf. 
As presented in Figure 4.5 and Figure 4.6, regardless of soil type and confining 
pressure, the use of measured data from higher cutoff level results in better estimate for σdf. 
In other words, by engaging more data points of σd and ε1, better estimation of σdf is 
possible. It can be seen that, at the cutoff level of 50 percent, the estimated σdf is reasonably 
close to the measured value (i.e., less than 15 percent difference). Hence, it can be 
concluded that when the state of deviator stress in a triaxial test reaches to about 50 percent 






Figure 4.3. Result of triaxial tests on clayey sand with gravel. 
 
 
Figure 4.4. Result of triaxial tests on Dupont clay. 
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Figure 4.5. Normalized estimated deviator stress using datasets at different cutoff 
levels of measured data for clayey sand with gravel. 
 
Figure 4.6. Normalized estimated deviator stress using datasets at different cutoff 
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4.2.2. Estimation of Subgrade Strength Parameters: Single Subgrade Layer 
In this section, the verification of proposed methodology for estimating subgrade shear 
strength parameters by applying FWD-type loading directly on top of subgrade is 
presented. Numerical modeling of FWD testing as well as field FWD measurements 
collected from the large-scale experiment (Experiment No. 1) and Light Weight 
Deflectometer (LWD) measurements obtained from NAPTF were used. It should be 
mentioned that the applied load levels in the numerical simulation and large-scale 
experiment are the typical range that can be handled by LWD device. The concept behind 
the LWD device is very similar to FWD but the impulse load levels are lower and is often 
used with unbound materials. 
4.2.2.1. Numerical Modeling of FWD Testing: Single SG Layer 
In order to investigate the validity of proposed methodology, numerical simulation of FWD 
testing using ILLI-PAVE software was conducted. Substantially lower computational 
effort because of the use of axi-symmetric finite element formulation and the consideration 
of stress dependency (non-linearity) along with failure conditions of unbound materials (ϕ 
and c) are the main advantages of ILLI-PAVE software [5]. Subgrade responses under 
LWD-type of loading for two different subgrade materials with different properties were 
simulated. To capture stress-dependent behavior of subgrade materials, bilinear 
(arithmetic) model (see Figure 4.7) and Uzan model (see Equation 4.9) along with 
representative shear strength parameters were selected for Subgrade I and Subgrade II, 
respectively. Material properties which were adopted from the literature and used in the 










𝑚 Equation 4.9 
 
where: 
σdi : breakpoint deviator stress; 
ERi : breakpoint resilient modulus; 
K3 and K4 : slope of linear line showing the change in resilient modulus with respect 
to deviator stress;  
σdll : deviator stress lower limit;  
σdul : deviator stress upper limit; 
MR : resilient modulus; 
 : bulk stress; 






















K : regression constant; 
n : bulk stress exponent; and  
m : deviator stress component. 
 
Table 4.1. Material Properties and Layer Thicknesses of Subgrade I and Subgrade 
II. 
Properties Subgrade I Subgrade II 
Layer Thickness (inch) 276 276 
Density (pcf) 100 100 
Lateral Earth Pressure Coefficient, K0 0.85 0.80 
Resilient Modulus (psi) Bilinear Model Uzan Model 
σdi = 6.2 psi 
ERi = 3,000 psi 
K3 = 1,110 psi/psi 
K4 = -178 psi/psi 
σdll = 2 psi 
σdul = 12.9 psi 
K = 1,793 psi 
n = 0.19 
m = -0.36 
Poisson’s Ratio 0.45 0.45 
Angle of Internal Friction,  (degrees) 0 12 
Cohesion, c (psi) 7 19 
 
The LWD tests were simulated by applying various loads (500, 1000, 1500, 2000, 
2500, and 3000 lb) on a circular plate with 5.91 inch radius. The corresponding surface 
displacements at 0, 8, and 12 inch away from the center of the loading plate were computed 







Figure 4.8. Computed surface deflections of Subgrade I under LWD loadings. 
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Since the proposed methodology relies on the stress dependency and softening 
behavior of subgrade material (i.e., positive ε1/σd versus ε1 relationship), such a 
characteristic of subgrade layer should be examined first. Deflection Ratio (DR) is a 
methodology for investigating the nonlinearity in pavement layers (e.g., subgrade only) 
which can be calculated by dividing the normalized deflections under the higher load level 
by the normalized deflections under the initial load level (i.e., 500 lb). This methodology 
is capable of capturing the stress hardening or softening characteristic of materials at 
different radial distances [32]. A DR value of 1.0 indicates linear elastic behavior for the 
unbound material. Figure 4.10 and Figure 4.11 depict the calculated DR values respectively 
for Subgrade I and Subgrade II at different locations (i.e., 0, 8, and 12 inch away from the 
center). An increase in DR when applying higher load levels can be inferred from this 
figure, indicating a dominant softening behavior in the subgrades under consideration. 
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Figure 4.11. Evaluation of nonlinearity in Subgrade II. 
 
To undertake the backcalculation process, BAKFAA open source software was 
utilized [6]. Repeated attempts at the backcalculation process with many controls on the 
variability of the elastic modulus revealed that the subgrade layer should be subdivided to 
two sublayers using “Depth to an Apparent Rigid Layer Method” [33]. This procedure 
enables the consideration of the stress dependency of unbound material in the 
backcalculation. The outputs of backcalculation process for both Subgrades revealed that 
the increase in LWD load level resulted in the reduction in backcalculated subgrade 
modulus, indicating the softening behavior which is consistent with the Deflection Ratio 
analysis. 
Based on the backcalculated moduli at each of the load levels, the stress tensor (σij) 
at 5.91 inch (i.e., B/2 where B is the plate diameter) below the subgrade surface was 
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The deviator stress at failure which is equal to the inverse slope of ε1/σd versus ε1 can be 
estimated using the transformation of the stress condition to the corresponding triaxial 
testing condition. As previously stated, by assuming a range of values for ϕ, the 
corresponding cohesion (c) values can be determined for the subgrades. For a ϕ equal to 0 
degree for Subgrade I and a ϕ equal to 12 degrees for Subgrade II, which are the values 
used in the ILLI-PAVE simulations, cohesion values of 7.8 psi and 19.4 psi were 
determined for Subgrade I and Subgrade II, respectively. These sets of estimated cohesion 
values are consistent with the assumed cohesion of 7 psi and 19 psi which were used in 
ILLI-PAVE simulations. 
Note that, the calculated deviator stresses at the highest load level are 39 percent 
and 31 percent of estimated σdf for Subgrade I and Subgrade II, respectively. Even though 
these values are less than 50 percent of estimated σdf, this simulation exercise implies that 
the proposed approach by incorporating nonlinear behavior of subgrade in conjunction with 
the hyperbolic stress-strain relationship can provide a good estimation of subgrade 
cohesion when appropriate range of angle of internal friction is assumed. The calculations 
associated with the proposed approach for Subgrade I and Subgrade II are summarized in 
Table 4.2 and Table 4.3. It should be mentioned that the analysis was stopped at the load 
level of 2,000 lb for Subgrade I and 3,000 lb for Subgrade II since gradual increase in the 
applied load and subsequent calculations revealed negligible increase (i.e., less than 5 































ε1 / σd 
Subgrade 
I 
500 7,962 2.95 0.47 0.46 1.29 1.17 1.29 311.9 125.6 
1,000 6,118 6.09 1.06 1.05 2.74 2.37 2.74 823.1 163.4 
1,500 4,098 9.50 1.81 1.80 4.37 3.63 4.37 1,878.4 244.0 
2,000 3,233 12.90 2.55 2.53 5.99 4.88 5.99 3,204.9 309.3 
Subgrade 
II 
500 1,965 2.85 0.44 0.43 1.24 1.14 2.42 1,230.9 508.9 
1,000 1,807 5.71 0.88 0.87 2.48 2.28 4.84 2,677.0 553.4 
1,500 1,658 8.56 1.29 1.28 3.71 3.43 7.28 4,393.0 603.1 
2,000 1,594 11.42 1.72 1.70 4.95 4.58 9.71 6,092.6 627.3 
2,500 1,513 14.28 2.11 2.09 6.16 5.74 12.18 8,050.9 660.9 
3,000 1,430 17.14 2.53 2.51 7.39 6.89 14.62 10,223.4 699.3 
 
Table 4.3. Estimated Shear Strength Parameters for Subgrade I and Subgrade II. 
Material σc-avg (psi) σdf (psi)  Normalized σd at highest 
load level with respect to 
σdf 
ϕ (degree) c (psi) 
Subgrade I 1.47 15.6 39% 0 7.8 
Subgrade II 1.48 48.0 31% 12 19.4 
 
4.2.2.2. Measured Surface Deflection Data: Single SG Layer 
In order to experimentally evaluate the applicability of the developed methodology, a large-
scale experiment (Experiment No. 1) that included FWD-type testing on the 66 inch 
subgrade layer was designed and conducted. Detailed discussions regarding the large-scale 
experiments (e.g., construction procedure, instrumentation, material properties, etc.) 
conducted as part of this study can be found in Appendix A.  
The subgrade material was classified as clayey sand with gravel (SC). The results 




deflections using surface Linear Variable Differential Transformers (LVDTs) at the center 
of loading plate (LVDT1), 8 inch (LVDT2) and 12 inch (LVDT3) away from the center of 
the plate were measured. In addition to the surface measurements, Total Earth Pressure 
Cells (i.e., P1 and P5) embedded in the subgrade layer captured the load induced vertical 
stresses during the experiment. The instrumentation plan is presented in Figure 4.12 to 
Figure 4.15 as well as Table 4.4. 
In order to further assess the applicability of the developed methodology, the LWD 
measurements obtained from Construction Cycle 6 at FAA’s NAPTF study was also 
employed [30]. The LWD testing on the compacted Dupont clay subgrade at 2 nearby 
locations along the length of the section were analyzed where each location included 4 load 
levels (around 600, 800, 1000, and 1200 lb). In addition, the study reported the results of 
strength parameters from triaxial tests as ϕ of 18 degrees and c of 3.5 psi for this same 






























Table 4.4. Details of Instrumentation Plan for Experiment No. 1 (SG Layer Only). 







Radius (inch) Angle () Depth (inch) X (inch) Y (inch) Z (inch) 
 
1 L1 LVDT01 Novotechnik 4 inch TR-0100 0 48 0 0 0 66 LVDT 
2 L2 LVDT02 Novotechnik 4 inch TR-0100 8 48 0 -5.3 -6 66 LVDT 
3 L3 LVDT03 Novotechnik 4 inch TR-0100 12 48 0 -8 -9 66 LVDT 
4 L4 LVDT04 Novotechnik 4 inch TR-0100 24 48 0 -15.9 -17.9 66 LVDT 
5 L5 LVDT05 Novotechnik 4 inch TR-0100 36 48 0 -23.9 -26.9 66 LVDT 
6 L6 LVDT06 Novotechnik 4 inch TR-0100 48 48 0 -31.9 -35.9 66 LVDT 
7 L7 LVDT07 Novotechnik 4 inch TR-0100 60 48 0 -39.9 -44.8 66 LVDT 
8 P1 P01 Geokon 87 psi 4inch cell 0 228 26 0 0 40 Pressure Cell (Vertical) 
9 P2 P02 Geokon 36 psi 4inch cell 24 228 20 15.9 17.9 46 Pressure Cell (Vertical) 
10 P3 P03 Geokon 36 psi 4inch cell 48 228 20 31.9 35.9 46 Pressure Cell (Vertical) 
11 P4 P04 Geokon 36 psi 4inch cell 60 228 20 39.9 44.8 46 Pressure Cell (Vertical) 
12 P5 P05 Geokon 362 psi 4inch cell 0 48 10 0 0 56 Pressure Cell (Vertical) 
13 P6 P06 Geokon 87 psi 4inch cell 24 48 10 -15.9 -17.9 56 Pressure Cell (Vertical) 
14 P7 P07 Geokon 87 psi 4inch cell 48 48 10 -31.9 -35.9 56 Pressure Cell (Vertical) 
15 P8 P08 Geokon 87 psi 4inch cell 60 48 10 -39.9 -44.8 56 Pressure Cell (Vertical) 
16 A1 ACC01 Vernier ± 5g 3-Axis 0 48 20 0 0 46 Accelerometer 
17 A2 ACC02 Vernier ± 5g 3-Axis 6 48 20 -4 -4.5 46 Accelerometer 
18 A3 ACC03 Vernier ± 5g 3-Axis 12 48 20 -8 -9 46 Accelerometer 
19 A4 ACC04 Vernier ± 5g 3-Axis 24 48 20 -15.9 -17.9 46 Accelerometer 
20 A5 ACC05 Vernier ± 5g 3-Axis 48 48 20 -31.9 -35.9 46 Accelerometer 
21 A6 ACC06 Vernier ± 5g 3-Axis 60 48 20 -39.9 -44.8 46 Accelerometer 
22 A7 ACC07 Vernier ± 5g 3-Axis 6 228 10 4 4.5 56 Accelerometer 
23 A8 ACC08 Vernier ± 5g 3-Axis 12 228 10 8 9 56 Accelerometer 
24 A9 ACC09 Vernier ± 5g 3-Axis 24 228 10 15.9 17.9 56 Accelerometer 
25 A10 ACC10 Vernier ± 5g 3-Axis 36 228 10 23.9 26.9 56 Accelerometer 
26 A11 ACC11 Vernier ± 5g 3-Axis 48 228 10 31.9 35.9 56 Accelerometer 
27 A12 ACC12 Vernier ± 5g 3-Axis 60 228 10 39.9 44.8 56 Accelerometer 
28 A13 ACC13 Vernier ± 5g 3-Axis 0 0 0 0 0 66 Accelerometer 
29 A14 ACC14 Vernier ± 5g 3-Axis 12 48 0 -8 -9 66 Accelerometer 
30 A15 ACC15 Vernier ± 5g 3-Axis 24 48 0 -15.9 -17.9 66 Accelerometer 
31 A16 ACC16 Vernier ± 5g 3-Axis - - - - - - Frame Accelerometer 
32  LCST01          Applied Load-String Pod 






Table 4.5, Table 4.6, and Table 4.7 present the surface deflection recordings 
measured in Experiment No. 1 as well as FAA study (Location 1 and Location 2), 
respectively. As a first step, the stress dependency for the subgrade layers were examined 
using the measured surface deflections. Deflection softening behavior was identified in 
both cases (i.e., Experiment No. 1 and FAA study) according to Deflection Ratio approach, 
outlined above (see Table 4.5). The backcalculation process was then conducted by 
adopting “Depth to an Apparent Rigid Layer Method”. In the case of FAA study, the 
subgrade modulus was backcalculated using Boussinesq solution (see Equation 4.10) since 
only the center deflection was available. In this equation, MR is the resilient modulus; Pmax 
is the maximum contact pressure; r is the plate radius; ν is the Poisson’s ratio (assumed to 
be equal to 0.4); and δc is the maximum surface deflection at the center. 
 
Table 4.5. Surface Deflection Measurements in Experiment No. 1 and 













σd / σdf  (%) 
L1 L2 L3 L1 L2 L3 
1,154 5.92 5.10 4.79 1.00 1.00 1.00 39,800 5.33 25 
1,589 8.50 7.59 6.92 1.04 1.08 1.05 37,200 7.36 35 
2,079 12.18 10.76 9.22 1.14 1.17 1.07 31,200 9.70 46 
2,514 16.39 13.71 13.08 1.27 1.23 1.25 24,100 11.82 56 
3,072 22.62 17.71 16.63 1.43 1.30 1.30 17,500 14.70 70 
 
Table 4.6. Surface Deflection Measurements in FAA Study (Location 1) and 












σd / σdf  (%) 
597 5.2 1.00 10,200 3.04 27 
796 7.6 1.10 9,300 4.02 36 
921 9.3 1.16 8,800 4.68 42 




Table 4.7. Surface Deflection Measurements in FAA Study (Location 2) and 












σd / σdf  (%) 
613 2.9 1.00 18,800 3.04 30 
811 4.5 1.17 16,100 4.02 40 
943 6.7 1.50 12,500 4.68 46 






 Equation 4.10 
 
The correctness of backcalculated moduli at different load levels was confirmed by 
the review of the calculated Root Mean Square Error (RMSE) which is a routine practice. 
In addition, in the case of Experiment No. 1, the vertical stresses (σzz) at the location of P1 
and P5 at different load levels were calculated using the 3D-Move Analysis software along 
with the corresponding backcalculated layer moduli associated with the load levels under 
consideration. Figure 4.16, which presents the calculated versus measured load-induced 
vertical stresses in Experiment No. 1, indicates a good agreement between the two. These 
results indicate the reliability of the assumptions used in the backcalculation exercise, (e.g., 





Figure 4.16. Comparison between 3D-Move calculated versus measured vertical 
stresses in Experiment No. 1. 
 
Using typical ranges for the angle of internal friction of the subgrade material types 
used in the experiments (i.e., Experiment No. 1 and FAA), shear strength parameters can 
be estimated (see Table 4.8). These sets of estimated values when compared with those 
obtained from triaxial laboratory testing for the same subgrade materials implies that the 
proposed methodology is capable of estimating the shear strength parameters from in-situ 
LWD measurements. Reasonable estimations of cohesion value for totally different 
subgrade material properties supports the validity and applicability of the proposed LWD-
based methodology. As presented in Table 4.5, Table 4.6, and Table 4.7, at the highest load 
levels in both experiments, the load-induced deviator stress at the representative element 
was higher than 50 percent of estimated σdf. Caution should be exercised when this value 
is much lower (say below 30 percent) since the extrapolation of the hyperbolic relationship 










































the LWD load level needed to induce an acceptable deviator stress level in the subgrade 
layer can be estimated by extrapolating the data obtained at the lower load levels to reach 
the target percent of σdf. Consequently, the LWD field testing and associated analysis 
should be repeated to include such load levels. 
 
Table 4.8. Surface Deflection Measurements in Experiment No. 1 and FAA Study 
and Corresponding Backcalculated Moduli. 






























































*see reference [27] 





4.2.3. Estimation of Subgrade Strength Parameters: Two Layers of Base and Subgrade 
In this section, the verification of the proposed methodology using the FWD-type testing 
in Experiment No. 2 conducted at University of Nevada, Reno (UNR) is described. The 
pavement structure in this experiment composed of crushed aggregate base and subgrade. 
Note that the applied load levels in this experiment are the typical range that can be handled 
by a LWD device. 
4.2.3.1. Measured Surface Deflection Data: Two Layers of CAB and SG 
In Experiment No. 2, the pavement structure consisted of 6 inch of crushed aggregate base 
and 66 inch of subgrade. Detailed discussion regarding the large-scale experiments (e.g., 
construction procedure, instrumentation, material properties etc.) conducted as a part of 
this study can be found in Appendix A. Figure 4.17 to Figure 4.20 as well as Table 4.9 
represent the instrumentation plan in Experiment No. 2. Note that, similar to Experiment 



























Table 4.9. Details of Instrumentation Plan for Experiment No. 2 (SG and CAB Layers). 







Radius (inch) Angle () Depth (inch) X (inch) Y (inch) Z (inch) 
 
1 L1 LVDT01 Novotechnik 4 inch TR-0100 0 48 0 0 0 72 LVDT 
2 L2 LVDT02 Novotechnik 4 inch TR-0100 8 48 0 -5.3 -6 72 LVDT 
3 L3 LVDT03 Novotechnik 4 inch TR-0100 12 48 0 -8 -9 72 LVDT 
4 L4 LVDT04 Novotechnik 4 inch TR-0100 24 48 0 -15.9 -17.9 72 LVDT 
5 L5 LVDT05 Novotechnik 4 inch TR-0100 36 48 0 -23.9 -26.9 72 LVDT 
6 L6 LVDT06 Novotechnik 4 inch TR-0100 48 48 0 -31.9 -35.9 72 LVDT 
7 L7 LVDT07 Novotechnik 4 inch TR-0100 60 48 0 -39.9 -44.8 72 LVDT 
8 P1 P01 Geokon 87 psi 4inch cell 0 0 26 0 0 46 Pressure Cell (Vertical) 
9 P2 P02 Geokon 36 psi 4inch cell 12 228 3 8 9 69 Pressure Cell (Vertical) 
10 P3 P03 Geokon 36 psi 4inch cell 24 228 3 15.9 17.9 69 Pressure Cell (Vertical) 
11 P4 P04 Geokon 36 psi 4inch cell 36 228 3 23.9 26.9 69 Pressure Cell (Vertical) 
12 P6 P06 Geokon 87 psi 4inch cell 24 48 12 -15.9 -17.9 60 Pressure Cell (Vertical) 
13 P7 P07 Geokon 87 psi 4inch cell 48 48 12 -31.9 -35.9 60 Pressure Cell (Vertical) 
14 P8 P08 Geokon 87 psi 4inch cell 60 48 12 -39.9 -44.8 60 Pressure Cell (Vertical) 
15 P9 P09 Geokon 87 psi 4inch cell 12 48 12 -8 -9 60 Pressure Cell (Vertical) 
16 P10 P10 Geokon 145 psi 4inch cell 0 0 12 0 0 60 Pressure Cell (Vertical) 
17 A1 ACC01 Vernier ± 5g 3-Axis 0 48 6 0 0 66 Accelerometer 
18 A2 ACC02 Vernier ± 5g 3-Axis 6 48 6 -4 -4.5 66 Accelerometer 
19 A3 ACC03 Vernier ± 5g 3-Axis 12 48 6 -8 -9 66 Accelerometer 
20 A4 ACC04 Vernier ± 5g 3-Axis 6 48 3 -4 -4.5 69 Accelerometer 
21 A5 ACC05 Vernier ± 5g 3-Axis 12 48 3 -8 -9 69 Accelerometer 
22 A7 ACC07 Vernier ± 5g 3-Axis 6 228 12 4 4.5 60 Accelerometer 
23 A8 ACC08 Vernier ± 5g 3-Axis 12 228 12 8 9 60 Accelerometer 
24 A9 ACC09 Vernier ± 5g 3-Axis 24 228 12 15.9 17.9 60 Accelerometer 
25 A10 ACC10 Vernier ± 5g 3-Axis 36 228 12 23.9 26.9 60 Accelerometer 
26 A11 ACC11 Vernier ± 5g 3-Axis 48 228 12 31.9 35.9 60 Accelerometer 
27 A12 ACC12 Vernier ± 5g 3-Axis 60 228 12 39.9 44.8 60 Accelerometer 
28 A13 ACC13 Vernier ± 5g 3-Axis 0 0 0 0 0 72 Accelerometer 
29 A14 ACC14 Vernier ± 5g 3-Axis 12 48 0 -8 -9 72 Accelerometer 
30 A15 ACC15 Vernier ± 5g 3-Axis 24 48 0 -15.9 -17.9 72 Accelerometer 
31 A16 ACC16 Vernier ± 5g 3-Axis - - - - - - Frame Accelerometer 
32  LCST01          Applied Load-String Pod 





Table 4.10 presents the surface deflection recordings measured in Experiment No. 
2 along with the backcalculated subgrade modulus at each of the applied load levels. Steps 
similar to the preceding case of Experiment No. 1 with subgrade alone were undertaken. 
Deflection softening behavior was identified according to Deflection Ratio approach, 
outlined above (see Table 4.10). The backcalculation process was then followed by 
adopting “Depth to an Apparent Rigid Layer Method”. 
The vertical stresses (σzz) at the location of P1, P6, P9, and P10 under different load 
levels were calculated using the 3D-Move Analysis software utilizing with the 
corresponding backcalculated layer moduli associated with the load levels under 
consideration. Figure 4.21, which presents the calculated versus measured load-induced 
vertical stresses in Experiment No. 2, indicates a good agreement between the two. These 
results indicate the reliability of the assumptions used in the backcalculation exercise, (e.g., 
incorporating apparent rigid layer and stress dependency in the unbound materials, etc.). 
 
Table 4.10. Surface Deflection Measurements in Experiment No. 2 and 













σd / σdf  (%) 
L1 L2 L3 L1 L2 L3 
2,908 7.00 4.36 3.31 1.00 1.00 1.00 36,300 6.83 39 
3,960 11.28 4.97 3.57 1.18 0.84 0.79 31,800 9.15 52 
5,018 15.72 6.88 4.49 1.30 0.92 0.79 25,400 11.21 64 
6,014 19.56 8.24 5.55 1.35 0.91 0.81 19,000 12.80 73 
7,061 22.87 10.75 6.24 1.35 1.02 0.78 14,500 14.01 80 
 
The estimated shear strength parameters for the subgrade materials is presented in 




triaxial laboratory testing indicating the ability of proposed methodology for estimating 
shear strength parameters of subgrade when a two layer pavement system exists. 
 
 
Figure 4.21. Comparison between 3D-Move calculated versus measured vertical 
stresses in Experiment No. 2. 
 
Table 4.11. Shear Strength Parameters Estimation for Subgrade Materials Used in 
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4.2.4. Estimation of Subgrade Strength Parameters: AC Pavement 
In this section, the verification of proposed methodology using FWD testing conducted on 
pavement structures including AC layer (i.e., conventional flexible pavement) is presented. 
Numerical modeling of FWD testing as well as field FWD measurements collected from 
the large-scale experiment (Experiment No. 3) and accelerated pavement testing facility at 
University of Costa Rica (LanammeUCR) were used as a part of verification process. 
4.2.4.1. Numerical Modeling of FWD Testing: AC Pavement 
The validity of the proposed FWD-based methodology was investigated using the 
numerical simulation of FWD tests. Synthetic pavement responses under FWD loading 
were generated using ILLI-PAVE program.  
The FWD simulation was conducted on two different hypothetical pavement 
structures with different layer thicknesses. Layer thicknesses and material properties used 
in the simulation are summarized in Table 4.12. As shown, the asphalt concrete (AC) layer 
was represented with constant linear elastic properties. In order to capture stress-dependent 
behavior of unbound materials, Theta model, expressed by Equation 4.11, for crushed 
aggregate bases, bilinear model (see Figure 4.7) and Uzan model (see Equation 4.9) along 
with representative shear strength parameters were selected for the subgrade layers in 
Pavement Structure I and Pavement Structure II, respectively. In Theta model, MR is the 
resilient modulus,  is the bulk stress, K is the regression constant, and n is the bulk stress 





Table 4.12. Material Properties and Layer Thicknesses of the Hypothetical 
Pavement Structures. 
Properties Pavement Structure I Pavement Structure II 
AC CAB Subgrade AC CAB Subgrade 
Thickness 
(inch) 
9 10 276 6 8 276 
Density 
(pcf) 
















 K = 9,000 
n = 0.33 
σdi = 6.2 psi 
ERi = 3,000 psi 
K3 = 1,110 psi/psi 
K4 = -178 psi/psi 
σdll = 2 psi 
σdul = 12.9 psi 
K = 5,358 
n = 0.32 
K = 1,793 
psi 
n = 0.19 
m = -0.36 
Poisson’s 
Ratio 





NA 45 0 NA 39 12 
Cohesion, c 
(psi) 
NA 0 7 NA 0 19 
NA denotes Not Applicable. 
 
𝑀𝑅 = 𝐾𝜃
𝑛 Equation 4.11 
 
The FWD tests were simulated by applying various loads (9,000; 12,000; 16,000; 
21,000; and 27,000 lb) on a circular plate with 5.91 inch radius. The corresponding 
pavement surface displacements at 0, 8, 12, 18, 24, 36, 48, 60, and 72 inch away from the 
center of the FWD plate were computed. Figure 4.22 and Figure 4.23 show the deflection 
basins of the hypothetical Pavement Structure I and Pavement Structure II under the 





Figure 4.22. Deflection basin at different load levels for Pavement Structure I. 
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Load Level = 12,000 pound
Load Level = 16,000 pound
Load Level = 21,000 pound
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Figure 4.24 and Figure 4.25 depict the calculated Deflection Ratios at different 
locations (i.e., 0, 24, and 60 inch away from the center) for the Pavement Structure I and 
Pavement Structure II, respectively. It can be seen that the softening behavior (DR greater 
than one) is not only observed at the center, but also it increases with increasing radial 
distances. This observation reveals the dominant softening behavior in the subgrade since 
linear elastic properties for AC layer and hardening constitutive model (Theta) for crushed 
aggregate base material were assumed in ILLI-PAVE simulations. 
 
 
Figure 4.24. Evaluation of nonlinearity in the hypothetical Pavement Structure I 
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Figure 4.25. Evaluation of nonlinearity in the hypothetical Pavement Structure II 
using Deflection Ratio at different radial distances. 
 
The BAKFAA software was also utilized here for the backcalculation of the layers’ 
moduli. It should be mentioned that the assumed constant modulus for AC layer in the 
FWD simulation was also specified as input during the backcalculation process. The review 
of the calculated Root Mean Square Error (RMSE) during backcalculation process which 
compares the input FWD surface deflections with those that were computed confirmed the 
accuracy of backcalculation exercise.  
Figure 4.26 and Figure 4.27 depict the backcalculated moduli for unbound layers 
(i.e., crushed aggregate base and subgrade) of Pavement Structure I and Pavement 
Structure II, respectively. These figures imply that the increase in FWD load level resulted 
in the reduction in backcalculated subgrade modulus, indicating the softening material 
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the base resilient modulus, revealing the hardening behavior of the base material. Such 
observations are consistent with the Deflection Ratio analysis. 
 
 
Figure 4.26. Backcalculated moduli for the unbound layers of Pavement Structure I. 
 
 






































































The stress tensor (σij) at 5.91 inch (i.e., B/2 where B is the plate diameter) below 
the subgrade surface was computed by assuming static loading conditions using the 3D-
Move Analysis software, utilizing the backcalculated moduli at each of the load levels. The 
deviator stress at failure (σdf) was then calculated by transforming the stress condition to 
the corresponding triaxial testing condition (i.e., σc and σd).  
For ϕ equal to 0 degree for subgrade layer in Pavement Structure I and equal to 12 
degree for subgrade layer in Pavement Structure II, which are the values used in the ILLI-
PAVE simulations, cohesion values of 6.8 psi and 20.6 psi were determined, respectively. 
These sets of estimated cohesion values are consistent with the assumed cohesion of 7 psi 
and 19 psi in ILLI-PAVE simulations. The results of analysis for Pavement Structure I and 
Pavement Structure II are summarized in Table 4.13 and Table 4.14. 
 
Table 4.13. Shear Strength Parameters Estimation Process for Pavement Structure I 































9,000 8,405 2.09 0.23 0.23 0.85 0.88 1.86 221.08 118.98 
12,000 7,362 2.55 0.28 0.28 1.04 1.07 2.27 308.68 135.83 
16,000 6,873 3.24 0.37 0.37 1.32 1.35 2.87 417.99 145.50 
21,000 6,553 4.11 0.48 0.48 1.69 1.71 3.63 553.42 152.60 




9,000 3245 3.02 0.30 0.30 0.30 1.28 2.72 838.96 308.17 
12,000 3170 3.98 0.40 0.40 0.40 1.69 3.58 1129.91 315.46 
16,000 3090 5.22 0.53 0.52 0.53 2.21 4.70 1520.36 323.62 
21,000 3006 6.73 0.68 0.68 0.68 2.85 6.05 2012.93 332.67 







Table 4.14. Estimated Shear Strength Parameters for Pavement Structure I and 
Pavement Structure II. 




Normalized σd at 
highest load level with 
respect to σdf 
ϕ (degree) c (psi) 
Pavement Structure I 0.4 13.7 33% 0 6.8 
Pavement Structure II 1.48 48.0 31% 12 19.4 
 
As presented in Table 4.14, the calculated deviator stresses at the highest load level 
are 33 percent and 15 percent of estimated σdf for Pavement Structure I and Pavement 
Structure II, respectively. Although reasonable estimation of shear strength parameters was 
obtained by the procedure, caution should be exercised when the load induced deviator 
stress (σd) at the highest load level is less than 30 percent of the estimated σdf. In such cases 
(e.g., Pavement Structure II) application of higher FWD load level may be needed.  
4.2.4.2. Measured Surface Deflection Data: AC Pavement 
The applicability of the proposed methodology was experimentally investigated by 
conducting a large-scale experiment (Experiment No. 3) that included FWD testing on the 
full pavement structure composed of 5 inch of AC, 6 inch of CAB, and 66 inch of SG. 
Detailed discussion regarding the large-scale experiments (e.g., construction procedure, 
instrumentation, material properties etc.) conducted as a part of this study can be found in 
Appendix A. Figure 4.28 to Figure 4.31 as well as Table 4.15 show the instrumentation 

































Table 4.15. Details of Instrumentation Plan for Experiment No. 3 (Full Pavement Structure). 







Radius (inch) Angle () Depth (inch) X (inch) Y (inch) Z (inch) 
 
1 L1 LVDT01 Novotechnik 4 inch TR-0100 0 48 0 0 0 77 LVDT 
2 L2 LVDT02 Novotechnik 4 inch TR-0100 8 48 0 -5.3 -6 77 LVDT 
3 L3 LVDT03 Novotechnik 4 inch TR-0100 12 48 0 -8 -9 77 LVDT 
4 L4 LVDT04 Novotechnik 4 inch TR-0100 24 48 0 -15.9 -17.9 77 LVDT 
5 L5 LVDT05 Novotechnik 4 inch TR-0100 36 48 0 -23.9 -26.9 77 LVDT 
6 L6 LVDT06 Novotechnik 4 inch TR-0100 48 48 0 -31.9 -35.9 77 LVDT 
7 L7 LVDT07 Novotechnik 4 inch TR-0100 60 48 0 -39.9 -44.8 77 LVDT 
8 L8 LVDT08 Novotechnik 4 inch TR-0100 8 90 5 0 -8 72 LVDT 
9 L9 LVDT09 Novotechnik 4 inch TR-0100 12 90 5 0 -12 72 LVDT 
10 L10 LVDT010 Novotechnik 4 inch TR-0100 24 90 5 0 -24 72 LVDT 
11 P1 P01 Geokon 87 psi 4inch cell 0 0 31 0 0 46 Pressure Cell (Vertical) 
12 P2 P02 Geokon 36 psi 4inch cell 12 228 8 8 9 69 Pressure Cell (Vertical) 
13 P3 P03 Geokon 36 psi 4inch cell 24 228 8 15.9 17.9 69 Pressure Cell (Vertical) 
14 P4 P04 Geokon 36 psi 4inch cell 36 228 8 23.9 26.9 69 Pressure Cell (Vertical) 
15 P5 P05 Geokon 362 psi 4inch cell 0 0 8 0 0 69 Pressure Cell (Vertical) 
16 P6 P06 Geokon 87 psi 4inch cell 24 48 17 -15.9 -17.9 60 Pressure Cell (Vertical) 
17 P7 P07 Geokon 87 psi 4inch cell 48 48 17 -31.9 -35.9 60 Pressure Cell (Vertical) 
18 P8 P08 Geokon 87 psi 4inch cell 60 48 17 -39.9 -44.8 60 Pressure Cell (Vertical) 
19 P9 P09 Geokon 87 psi 4inch cell 12 48 17 -8 -9 60 Pressure Cell (Vertical) 
20 P10 P10 Geokon 145 psi 4inch cell 0 0 17 0 0 60 Pressure Cell (Vertical) 
21 A1 ACC01 Vernier ± 5g 3-Axis 0 48 11 0 0 66 Accelerometer 
22 A2 ACC02 Vernier ± 5g 3-Axis 6 48 11 -4 -4.5 66 Accelerometer 
23 A3 ACC03 Vernier ± 5g 3-Axis 12 48 11 -8 -9 66 Accelerometer 
24 A4 ACC04 Vernier ± 5g 3-Axis 6 48 8 -4 -4.5 69 Accelerometer 
25 A5 ACC05 Vernier ± 5g 3-Axis 12 48 8 -8 -9 69 Accelerometer 
26 A7 ACC07 Vernier ± 5g 3-Axis 6 228 17 4 4.5 60 Accelerometer 
27 A8 ACC08 Vernier ± 5g 3-Axis 12 228 17 8 9 60 Accelerometer 
28 A9 ACC09 Vernier ± 5g 3-Axis 24 228 17 15.9 17.9 60 Accelerometer 
29 A10 ACC10 Vernier ± 5g 3-Axis 36 228 17 23.9 26.9 60 Accelerometer 
30 A11 ACC11 Vernier ± 5g 3-Axis 48 228 17 31.9 35.9 60 Accelerometer 
31 A12 ACC12 Vernier ± 5g 3-Axis 60 228 17 39.9 44.8 60 Accelerometer 
32 A13 ACC13 Vernier ± 5g 3-Axis 0 0 0 0 0 77 Accelerometer 
33 A14 ACC14 Vernier ± 5g 3-Axis 12 48 0 -8 -9 77 Accelerometer 
34 A15 ACC15 Vernier ± 5g 3-Axis 24 48 0 -15.9 -17.9 77 Accelerometer 
35 A16 ACC16 Vernier ± 5g 3-Axis - - - - - - Frame Accelerometer 
36  LCST01          Applied Load-String Pod 
37  LC01          Applied Load-Load Cell 







Figure 4.32. Deflection basin at different load levels in Experiment No. 3. 
 
In order to further assess the applicability of the proposed methodology, the FWD 
data obtained from accelerated pavement testing facility at University of Costa Rica 
(LanammeUCR) was also utilized. The FWD tests at three load levels (around 9000, 
12000, 16000 lb) were applied on two pavement structures. These sections, called 
Lanamme UCR-AC2 and Lanamme UCR-AC3, were composed of 2.55 inch and 5.1 inch 
of an AC layer, respectively. The AC layer in these sections are supported by 9.4 inch of 
granular base and 11.8 inch of granular subbase materials, on top of a subgrade layer 
classified as high plasticity silt with California Bearing Ratio (CBR) of 3. Additionally, the 
result of triaxial tests reports  of 7 degree and c of 3.9 psi for the subgrade material. The 
FWD measurements at different load levels for Lanamme UCR-AC2 and Lanamme UCR-
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Figure 4.33. Deflection basin under at load levels in Lanamme UCR-AC2. 
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The stress dependency in the pavement structures was examined using Deflection 
Ratio approach (see Table 4.16, Table 4.17, and Table 4.18). “Depth to an Apparent Rigid 
Layer Method” was adopted for considering the nonlinearity of subgrade layer during the 
backcalculation process. Observation of substantial reduction in the subgrade 
backcalculated modulus with increasing the load level confirmed the deflection softening 
of subgrade materials. On the other hand, increase in the base modulus by increasing the 
state of stress showed the hardening behavior in this material. 
 
Table 4.16. Surface Deflection Measurements in Experiment No. 3 and 











σd / σdf  
(%) 
L1 L5 L7 L1 L5 L7 
8,971 18.11 2.80 1.40 1.00 1.00 1.00 18,500 6.58 30 
11,857 26.83 3.42 1.71 1.12 0.93 0.93 16,900 8.35 38 
15,860 40.99 5.36 3.82 1.28 1.08 1.55 13,100 10.95 50 
21,146 57.72 8.80 4.58 1.35 1.33 1.39 10,000 13.55 62 
27,087 79.76 11.24 5.77 1.46 1.33 1.37 7,500 16.46 76 
 
Table 4.17. Surface Deflection Measurements in LanammeUCR-AC2 and 










σd / σdf  
(%) 
L1 L2 L3 L1 L2 L3 
8,905 32.22 4.74 3.10 1.00 1.00 1.00 12,200 3.40 32 
11,958 43.35 6.39 4.19 1.01 1.01 1.01 10,200 4.27 40 
15,247 57.12 8.56 5.50 1.04 1.06 1.03 9,000 5.21 49 
 
Table 4.18. Surface Deflection Measurements in LanammeUCR-AC3 and 










σd / σdf  
(%) 
L1 L2 L3 L1 L2 L3 
9,001 15.13 4.21 2.60 1.00 1.00 1.00 11,700 2.26 25 
11,686 20.08 5.64 3.44 1.02 1.03 1.01 10,200 2.83 32 




In order to examine the correctness of the backcalculation process, the load-induced 
vertical stresses (σzz) at the location of pressure cells in Experiment No. 3 were calculated 
using the 3D-Move Analysis software and the corresponding backcalculated layer moduli 
for the load levels under consideration. Figure 4.35, which presents the calculated versus 
measured vertical stresses for Experiment No. 3, indicates a good agreement between the 
two. These results again imply that the appropriate assumptions (e.g., incorporating 




Figure 4.35. Comparison between 3D-Move calculated versus measured vertical 
stresses in Experiment No. 3. 
 
Results of stress tensor at 5.91 inch below the SG surface was computed and 
converted to the corresponding triaxial testing conditions as outlined above. Table 4.19 



















































before, by assuming an acceptable range for the angle of internal friction based on the 
identified soil classification, corresponding cohesion values were estimated. The results of 
the ϕ and c can now be compared against the measured values for the subgrade material. A 
close match between measured and predicted soil strength parameters seen in Table 4.19. 
These reasonable estimations of ϕ and c for totally different pavement structures and 
material properties can substantiates the validity and applicability of the proposed FWD-
based methodology. 
 
Table 4.19. Shear Strength Parameters Estimation for Subgrade Materials Used in 




































































*see reference [27] 





4.3. Overall Summary 
The shear strength parameters (angle of internal friction, ϕ, and cohesion, c) of the subgrade 
layer contained within the loaded influence zone (i.e., contributing pavement subgrade 
layer) are necessary inputs for assessing the risk of instantaneous shear failure under SHL 
movement of flexible pavements. These subgrade shear strength parameters are also 
critical inputs for the stability analysis of a sloped pavement shoulder under a SHL 
movement. In this study, a novel methodology to estimate in-situ shear strength parameters 
of pavement subgrade layer based on non-destructive FWD testing undertaken at multiple 
load levels has been developed and verified.  
In this methodology, the stress tensor (σij) at a representative element in the 
subgrade is calculated first by using a layered linear elastic program (e.g., 3D-Move 
Analysis software using static condition) to simulate each of the applied FWD load levels. 
The analysis utilizes the backcalculated pavement layers moduli at each of the respective 
FWD load levels. Such an approach inherently takes into account the role of stress 
dependency in an unbound material. The implementation of backcalculated moduli in a 
linear elastic program is a common practice in mechanistic-empirical pavement design and 
analysis procedures to obtain pavement responses. The calculated stress tensors are 
transformed to the equivalent stress conditions associated with triaxial compression tests 
(d and c) for each of the FWD load levels using the stress invariants (i.e., octahedral 
stress components). A hyperbolic relationship is subsequently fitted to the equivalent 




at failure (df). Mohr-Coulomb failure envelope equation is then used for estimating the 
cohesion of the subgrade by assuming an acceptable range for the angle of internal friction. 
The validity of the proposed approach was explored using numerical simulations 
of FWD measurements and FWD data collected from large-scale experiments on full-scale 
pavement structures as well as APT facilities. A variety of unpaved and paved pavement 
structures was utilized in the verification process. It was found that the proposed FWD-
based methodology is able to reasonably estimate the shear strength properties (ϕ and c) of 
a subgrade layer with softening behavior (see Figure 4.36). Such results were achieved 
when the highest induced deviator stress levels in the subgrade layer under the FWD 
loading were in excess of about 30 percent of the σdf obtained with the proposed approach. 
The hardening behavior for a subgrade material at the FWD state of stress indicated by a 
negative slope of ε1/σd versus ε1 is recognized as a limitation of the proposed approach. 
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CHAPTER 5. ULTIMATE FAILURE ANALYSES 
Superheavy load (SHL) components are much larger in size and weight and they often 
require specialized trailers and hauling units. These loads may sometimes approach to few 
million pounds. Such a non-standard heavy loading at the pavement surface can render a 
critical condition (distress modes) of instantaneous ultimate shear failure, localized shear 
failure, or excessive surface deflection, particularly in the subgrade. In addition, likelihood 
of sloped shoulder failure due to SHL vehicle move in the routes where there exists an 
unpaved shoulder and/or a deep slope falls under the ultimate failure. In this chapter, 
investigation of the subgrade bearing failure (i.e., ultimate shear failure) as well as sloped 
shoulder failure is presented. 
5.1. Subgrade Bearing Failure Analysis 
In order to examine the risk of instantaneous shear failure, Meyerhof’s general bearing 
capacity equation is viewed as an ideal selection since it is a well-established and validated 
foundation design analysis procedure under static or slow moving vehicle loading 
conditions [26]. Accordingly, the distributed vertical stress on the top of subgrade induced 
by SHL vehicle in comparison with the bearing capacity of subgrade layer is used to 
identify the possibility of ultimate shear failure in the pavement structure. The ultimate 
failure analysis focuses on the subgrade layer as it is generally the weakest layer in 




5.1.1. Bearing Capacity Failure Concept 
The load per unit area of the foundation at which shear failure in soil occurs is called the 
ultimate bearing capacity. The three principal modes of shear failure under foundations 
are: general shear failure, local shear failure, and punching shear failure [26]. 
 General shear failure (Figure 5.1): If a foundation resting on the surface of a dense 
sand or stiff cohesive soil, an increase in the load on the foundation will be 
accompanied by an increase in settlement. The variation of the load per unit area 
on the foundation (q) with the foundation settlement is also shown in Figure 5.1. 
At a certain point (qu) a sudden failure in the soil supporting the foundation will 
take place and it is called general shear failure. It may also be possible that the curve 
reaches the maximum load without a prominent peak as shown, but with a sudden 
clear change in its slope. General shear failure is characterized by the existence of 
a well-defined failure pattern consisting of continuous slip surfaces extending to 
the ground surface. An important noticeable feature of general failure is bulging of 
adjacent soil on both sides, which can also be seen in the figure. 
 Local shear failure (Figure 5.2): When a foundation is supported by sand or clayey 
soil of medium compaction the failure mechanism is different. The load per unit 
area on the foundation equals qu’, which is usually called the first failure load, will 
be typically accompanied by a series of jerks. The failure pattern is observable only 
below the footing and consists of a wedge and slip surfaces originating at the edges 
of the footing. Hence, a considerable additional movement of the foundation is 
required for the failure surface to appear on the ground surface. The load per unit 




load-settlement curve does not show a clear peak in local shear failure. 
Furthermore, bulging adjacent to the sides of foundation may not be evident. 
 Punching shear failure (Figure 5.3): If a foundation resting on a fairly loose soil 
and the load on the foundation increase gradually, the compression of the soil 
immediately below the footing occurs. In this case, there is no movement of the soil 
on the sides of the foundation and the failure surface will not extend to the ground 
surface. It is difficult to specify ultimate load in the punching shear failure but 
beyond the ultimate failure load, the load-settlement plot will be steep and 
practically linear. This type of failure is called punching shear failure. 
Terzaghi presented a comprehensive theory for the evaluation of the ultimate 
bearing capacity of strip shallow foundations, replacing the effect of soil above the bottom 
of the foundation by a uniform pressure [26]. Several studies followed Terzaghi work, 
aiming to improve the ultimate bearing capacity estimation. Meyerhof suggested a more 
general form for the bearing capacity (see Equation 5.1), accounting for continuous, 
rectangular, square and circular foundations, and for any inclination in the load [26]. 
 






Figure 5.2. Local shear failure. 
 
 




 = c' Nc Fcs Fcd Fci  +  q Nq Fqs Fqd Fqi  +  
1
2
γ B Nγ Fγs Fγd Fγi Equation 5.1 
 
where: 
c : cohesion; 
q' : effective stress at the level of the bottom of the foundation; 
γ : unit weight of soil; 




Fcs, Fqs, and Fγs : shape factors; 
Fcd, Fqd, and Fγd : depth factors; 
Fci, Fqi, and Fγi : load inclination factors; and 
Nc, Nq, and Nγ : bearing capacity factors. 
5.1.2. Application of Meyerhof’s Equation with respect to SHL Movement 
As mentioned in Chapter 2, the SHL vehicle may consist of several individual axle groups 
while each axle group has a Nucleus. To identify the possibility of ultimate shear failure in 
the pavement subgrade layer, each axle group is individually assumed to be a bearing 
capacity investigation zone (i.e., loaded area). Accordingly, the distributed vertical stress 
on the top of subgrade induced by the Nucleus of an axle group is compared against the 
bearing capacity of subgrade layer. It should be noticed that the dimension of bearing 
capacity investigation zone in Meyerhof’s equation is specified equal to the length and 
width of the axle group.  
It is expected that the Nucleus-induced vertical stress on top of the subgrade 
represents a non-uniform distribution. As an example, computed vertical stress distribution 
for the Nucleus of SHL case No. LA-8T-14 (see Figure 2.1) is depicted in Figure 5.4. On 
the other hand, Meyerhof’s equation assumes the loaded area be of a certain fixed shape 
with a uniform pressure distribution. As expressed in Equation 5.2, the average uniform 
vertical stress induced by the Nucleus (qave) can be calculated by first integrating the 
volume of the Nucleus-induced vertical stress distribution on top of the SG and then 
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As a conservative measure, qave is assumed to cover the entire rectangular area of 
the axle group. This stress distribution can be considered as the most critical possible 
scenario. It should be noted that, a smaller subset of tires or axles within the SHL truck 
may be assumed to be the bearing capacity investigation zone (i.e., loaded area). However, 
it is physically impossible because of the inter-connectivity of the axles to have one part of 
the vehicle develop a general bearing capacity failure mechanism, while the rest is not. The 
entire vehicle moves as a unit and load redistribution will take place when one part of the 
vehicle is undergoing large deformations. 
5.1.3. Bearing Capacity Associated with Sloping Ground 
The limit state analysis to investigate the stability of sloped pavement shoulder is 
elaborated in section 5.2. Another failure mode that may be important is the global failure 
mode where the pavement layers along with the surface loading from the vehicle undergo 
failure as a single unit. This problem is analogues to the slope stability investigation of 
foundations placed on top of the flat surface on a sloping ground. Meyerhof extended the 
bearing capacity theory and combined it with the theory of the stability of slopes to cover 
foundation on slope. However, his solution was for purely cohesive soil or for purely 
granular soil [35]. Saran et al. provided a solution to determine the ultimate bearing 
capacity of shallow continuous foundations on the top of a slope, using limit equilibrium 
and limit analysis and considering one sided failure mechanism as shown in Figure 5.6. 
Saran et al. indicated that the failure mechanism in the foundation soil with a slope is 
affected by the type of foundation soil [36,37] According to this theory, the ultimate 





Figure 5.6. Bearing capacity failure under a rough rigid foundation on a slope. 
 
qu⁡=⁡c⁡Nc⁡+⁡q⁡Nq⁡+⁡⁡½⁡γ⁡B⁡Nγ Equation 5.3 
 
The values of the bearing capacity factors Nc, Nq, and Nγ need to be modified to 
take into account the presence of the slope. These factors are given in Table 5.1, as a 
function of the inclination of the slope, distance from the edge of the slope, b, depth of 
foundation, Df, angle of internal friction, , and width of foundation, B, as shown in Figure 
5.6. In this study, the approach presented by Saran et al. was adopted to investigate the 













Table 5.1. Bearing Capacity Factors Associated with Sloping Ground. 
    Soil Friction Angle φ (degree) 
Factor β (deg) 
Dt b 
40 35 30 25 20 15 10 
B B 
                      
Nγ 30 0 0 25.37 12.41 6.14 3.20 1.26 0.70 0.10 
20   53.48 24.54 11.62 5.61 4.27 1.79 0.45 
10   101.74 43.35 19.65 9.19 4.35 1.96 0.77 
0   165.39 66.59 28.98 13.12 6.05 2.74 1.14 
30 0 1 60.06 34.03 18.95 10.33 5.45 0.00 −− 
20   85.98 42.29 21.93 11.42 5.89 1.35 −− 
10   125.32 55.15 25.86 12.26 6.05 2.74 −− 
0   165.39 66.59 28.89 13.12 6.05 2.74 −− 
30 1 0 91.87 49.43 26.39 −− −− −− −− 
25   115.65 59.12 28.80 −− −− −− −− 
20   143.77 66.00 28.89 −− −− −− −− 
≤15   165.39 66.59 28.89 −− −− −− −− 
30 1 1 131.34 64.37 28.89 −− −− −− −− 
 25   151.37 66.59 28.89 −− −− −− −− 
 ≤20   166.39 66.59 28.89 −− −− −− −− 
Nq 30 1 0 12.13 16.42 8.98 7.04 5.00 3.60 −− 
20   12.67 19.48 16.80 12.70 7.40 4.40 −− 
≤10   81.30 41.40 22.50 12.70 7.40 4.40 −− 
30 1 1 28.31 24.14 22.50 −− −− −− −− 
20   42.25 41.40 22.50 −− −− −− −− 
≤10   81.30 41.40 22.50 −− −− −− −− 
Nc 50 0 0 21.68 16.52 12.60 10.00 8.60 7.10 5.50 
40   31.80 22.44 16.64 12.80 10.04 8.00 6.25 
30   44.80 28.72 22.00 16.20 12.20 8.60 6.70 
20   63.20 41.20 28.32 20.60 15.00 11.30 8.76 
≤10   88.96 55.36 36.50 24.72 17.36 12.61 9.44 
50 0 1 38.80 30.40 24.20 19.70 16.42 −− −− 
40   48.00 35.40 27.42 21.52 17.28 −− −− 
30   59.64 41.07 30.92 23.60 17.36 −− −− 
20   75.12 50.00 35.16 27.72 17.36 −− −− 
≤10   95.20 57.25 36.69 24.72 17.36 −− −− 
50 1 0 35.97 28.11 22.38 18.38 15.66 10.00 −− 
40   51.16 37.95 29.42 22.75 17.32 12.16 −− 
30   70.59 50.37 36.20 24.72 17.36 12.16 −− 
20   93.79 57.20 36.20 24.72 17.36 12.16 −− 
≤10   95.20 57.20 36.20 24.72 17.36 12.16 −− 
50 1 1 53.65 42.47 35.00 24.72 −− −− −− 
40   67.98 51.61 36.69 24.72 −− −− −− 
 30 
  85.30 57.25 36.69 24.72 −− −− −− 
 ≤20 






5.2. Sloped Shoulder Failure Analysis 
SHL vehicles are usually moved under traffic control so that it is often possible to keep the 
SHL far away from the pavement edge and shoulder. It is recommended that the vehicle 
stay away from the pavement edge, particularly in the routes where there exists an unpaved 
shoulder and/or a deep slope. On the other hand, it is not always possible to keep the SHL 
vehicle far from the pavement edge (e.g., narrow lanes and/or wide SHL vehicle). 
Therefore, it is necessary to investigate the stability of a sloped pavement shoulder under 
the SHL movement. 
While slope stability is one of the common problems in geotechnical practice, it has 
not been a major concern for a pavement shoulder subjected to the standard truck loading. 
However, substantial higher surcharge load resulting from the SHL movements might lead 
to a critical condition for failure. The only relevant study by Fernando hypothesized that 
the role of SHL can be investigated by comparing the pavement responses at edge and 
interior of the lane under Falling Weight Deflectometer (FWD) loading [38]. However, 
stability of sloped shoulder, which is a shear induced failure has not been undertaken. Such 
an analysis requires element of soil slope stability investigation including geometry, failure 
planes, and shear strength parameters, etc. 
To evaluate the stability of sloping layered medium consisting of typical pavement 
layer configurations and properties subjected to a SHL vehicle, the use of Wedge Method 
is proposed in this study. Although this method has been used extensively in the 
geotechnical slope stability investigation, it needed to be modified for the stability analysis 





In geotechnical practice Boussinesq theory which is limited to the homogenous soil 
medium is routinely used to determine the stress distribution. In this study, 3D-Move 
Analysis software is used to compute stresses distribution within the pavement layered 
medium. The 3D-Move Analysis software was seen as an ideal candidate tool since it can 
account for the viscoelastic properties of the asphalt concrete (AC) layer as well as for the 
moving load with non-uniform tire-pavement interface stresses on any shape loaded area. 
However, this software assumes that pavement layers extend laterally to infinity. 
Therefore, the role of sloping shoulder near the edge of the pavement should be accounted 
when this software is used to compute SHL vehicle-induced stresses on the shoulder. In 
order to address this issue, modification of 3D-Move Analysis software computed stresses 
using a Stress Adjustment Factor (SAFShoulder) needs to be implemented. In this study, the 
SAFShoulder was determined based on the large-scale experiments (i.e., Experiment No. 3 
and Experiment No. 4). 
5.2.1. Slope Stability Analysis Methodology 
Conventional slope stability approaches are based on the limit equilibrium analysis of a 
mass of soil bounded between assumed possible slip surface(s) and slope surface. Failure 
is investigated by comparing the corresponding driving and resisting sliding forces and 
moments. All these methods are generally categorized as limit equilibrium method and 
they consider various possible slip surfaces for failure to arrive at the most critical one. In 
general, the stability of the soil mass depends upon its weight, the external forces acting on 
it (such as surcharges), and the shear strengths and porewater pressures along the slip 




defined as the ratio of the available shear strength (τstrength) to the induced shear stress 
(τinduced) for equilibrium. In the analysis based on total stresses, the factor of safety is 





 Equation 5.4 
 
𝜏𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 𝑐 + 𝜎𝑛𝑡𝑎𝑛𝜙 Equation 5.5 
 
where: 
c : cohesion; 
ϕ : angle of internal friction; and 
σn : normal stress on the failure plane.  
By rewriting Equation 5.4, the allowable shear stress to maintain the stability can 
be expressed by Equation 5.6. The terms on the right hand side of this equation represent 
the developed (i.e., mobilized) cohesion (cD) and developed angle of internal friction (D), 























By assuming a value for FOS and calculating the corresponding mobilized shear 
stress, a possible static equilibrium condition between resisting and driving forces and 
moments can be determined. The process is repeated until the minimum value of FOS 
among all the FOS values is determined. 
Many limit equilibrium methods such as the ordinary method of slices, simplified 
Bishop, Modified Swedish Method, and Spencer’s Method etc. use different assumptions 
to achieve a solution since the slope stability problem is statically indeterminate. Methods 
such as the Morgenstern and Price that satisfy all static equilibrium conditions are referred 
to as “complete” equilibrium methods. Although complete equilibrium methods are 
generally more accurate than those “incomplete” ones, they need rigorous and time-
consuming analysis. However, the “incomplete” methods are often sufficiently accurate 
and have been found to be useful for many practical applications [39]. It should be noted 
that all such methods assume plane strain condition and therefore only vertical cross 
sections are used in the analysis. 
5.2.2. Wedge Method 
A slope stability analysis using the Wedge Method has been used extensively by the Corps 
of Engineers and the geotechnical engineering community [39]. This method satisfies the 
force equilibrium in both horizontal and vertical directions, but does not satisfy the moment 
equilibrium. While circular failure surfaces have been found to be appropriate for 
homogeneous slopes, for layered soils, especially when layers with contrasting strength 
characteristics are present in the domain, the Wedge Method has been recommended. 




investigate the stability of a slope shoulder subjected to the SHL vehicle loading. However, 
it needs to be modified when the pavement layered medium exists. Following summarizes 
the modified Wedge Method which is developed in this study. 
As illustrated in Figure 5.7, various wedges of failure are selected. This figure 
shows a number of slip surfaces passing through the Point A as solid lines. In all cases, the 
failure wedge is bounded by a vertical plane, and a horizontal or an inclined slip surface 
located in the subgrade (SG). The vertical plane is located on the left of the AC layer, as it 
is assumed that the vertical plane cannot extend through the AC layer. It is also assumed 
that the slip surface is developed in the SG layer, which is the weakest layer in the pavement 
structure. Searching for the critical location of the failure wedge involves systematically 









The stability of each failure wedge is evaluated by considering it as a rigid sliding 
mass or a gravity retaining structure. As shown in Figure 5.8 and Figure 5.9, five different 
forces acting on the failure wedge can be identified: 
 Weight of the sliding wedge (W);  
 Developed resisting cohesion force resulting from the mobilized cohesion (TD) 
acting on the bottom slip surface;  
 The resultant force from the bottom soil (FD) that makes an angle ϕD with the 
normal to the bottom slip surface; and 
 Two components of horizontal deriving forces acting on the vertical plane are: (a) 
lateral earth pressure from adjacent soil (Q), and (b) resultant horizontal force due 
to surcharge load (P), i.e., SHL vehicle. 
 
 






Figure 5.9. Failure wedge with inclined slip surface and applied forces. 
 
In order to determine the factor of safety, the force equilibrium equations in the 
parallel and perpendicular directions to the slip surface are applied. Consequently, the FOS 
using Equation 5.9 and Equation 5.10 can be determined. Here, wedge is the angle between 
the slip surface and horizontal surface (see Figure 5.9) and l is the length of the bottom slip 
surface. For the failure wedges with horizontal slip surface where wedge is zero, the FOS 
can be simplified to Equation 5.10. It should be mentioned that to investigate the stability 
of sloped shoulder under a SHL vehicle load, the slope stability analysis module which is 




(𝑊𝑐𝑜𝑠𝜃 − (𝑄 + 𝑃)𝑠𝑖𝑛𝜃𝑤𝑒𝑑𝑔𝑒)𝑡𝑎𝑛𝜙 + 𝑐𝑙
(𝑊𝑠𝑖𝑛𝜃𝑤𝑒𝑑𝑔𝑒 + (𝑄 + 𝑃)𝑐𝑜𝑠𝜃𝑤𝑒𝑑𝑔𝑒)











The lateral earth pressure (Q) can be calculated using the Rankine active earth 
pressure (see Equation 5.11 and Equation 5.12) which is a well-accepted theory in the 
design of retaining structures. In these equations, Ka is the Rankine active pressure 
coefficient, ϕ and c are respectively the angle of internal friction and cohesion of the 
unbound layer present at the vertical surface, σa is the Rankine active pressure, and σ0 is 






) Equation 5.11 
 
𝜎𝑎 = 𝜎0𝐾𝑎 − 2𝑐√𝐾𝑎 Equation 5.12 
 
In order to estimate the resultant horizontal force due to surcharge load (P), the load 
induced horizontal stress distribution on the sliding wedge is routinely calculated based on 
Boussinesq theory in geotechnical practice [26]. This means that elastic, homogenous, and 
isotropic semi-infinite soil medium has been assumed. Subsequently, the calculated 
horizontal stress using Boussinesq solution is doubled to account for the yielding soil 
continuum. In other words, the stresses given by Boussinesq solution are multiplied by a 
Stress Adjustment Factor (SAFShoulder) equal to 2. 
However, these assumptions may not hold true for the layered pavement structure 
with distinctly different strength properties. Moreover, the complex loading configuration 
of a SHL vehicle cannot be handled by the Boussinesq equations. Since 3D-Move Analysis 
software was used to compute the load-induced horizontal stresses at the location of sloped 




which are obtained assuming that the pavement layers extend laterally to infinity is viewed 
as a concern. In order to address this issue, a modification of the computed stresses using 
a SAFShoulder was proposed. Discussion regarding the determination of SAFShoulder is 
presented in the next section. 
5.2.3. Stress Adjustment Factor for Sloped Shoulder 
In order to determine the Stress Adjustment Factor (SAFShoulder) suitable for pavement 
shoulder stability analysis, a large-scale experiment consisting of a sloped edge (i.e., 
Experiment No. 4) was conducted in this study. It was believed that a careful comparison 
between this experiment and Experiment No. 3 (no sloped pavement shoulder) help to 
identify the role of sloped edge in the stress distribution within a typical pavement 
structure. The following presents the description of Experiment No. 3 and Experiment No. 
4 along with the corresponding observations. Afterwards, the conducted exercise to 
determine the (SAFShoulder) is described. 
5.2.3.1. Description of Large-Scale Experiment No. 3 and Experiment No. 4 
Since the main objective of the comparative analysis is to determine the role of sloped 
shoulder in the load carrying capacity of pavement structures under SHL movement, same 
pavement structure, materials, and construction practice in both experiments (Experiment 
No. 3 and Experiment No. 4) were utilized. 
Experiment No. 3 included FWD testing on the full pavement structure composed 




FWD load of 9,000; 12,000; 16,000; 21,000; and 27,000 lb were applied at the pavement 
surface. The instrumentation plan can be inferred from Figure 4.28 to Figure 4.31. 
In Experiment No. 4, a full pavement structure was constructed with a total 
thickness of 77 inch with a side slope of 1:1.5 (33.7 degrees with the horizontal). Figure 
5.10 to Figure 5.16 show drawings of the setup in Experiment No. 4. The pavement 
structure, similar to Experiment No. 3, consisted of 5 inch of AC, 6 inch of CAB, and 66 
inch of SG. The FWD loads were applied on top of the AC layer at the following three 
locations: 12, 24 and 36 inch from the edge of the pavement edge (i.e., slope). They are 















































5.2.3.2. Comparison between the Stress Measurements in Experiments No. 3 and No. 4 
Figure 5.17 depicts the deflection basins measured in Experiment No. 3 and Experiment 
No. 4 at three different load levels (i.e., 9,000; 16,000; and 27,000 lb) when the load was 
applied at Loc36. This figure implies that when the location of load application is far 
enough from the edge of the slop in Experiment No. 4, surface deflections are similar to 
the ones in Experiment No. 3. It means that the stiffness properties of the pavement layers 
in the two experiments are reasonably similar. Consequently, Experiment No. 3 can be 
treated as a control experiment so that any difference in the stress measurements at the 
same location in both experiments can be attributed to the role of sloped edge. 
  
 
Figure 5.17. Comparison between surface displacements in Experiment No. 3 and 
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Exp. No. 4_16,000 pound
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Figure 5.18 and Figure 5.19 show the measured vertical stresses in the subgrade on 
the non-slope side of the pavement structure with respect to the location of surface applied 
load. In comparison with the corresponding measured stresses in Experiment No. 3, it can 
be seen that stress distribution in the non-slope side of a pavement structure was not 
affected by the sloped edge. 
Figure 5.20 and Figure 5.21 demonstrate the load induced vertical stresses 
measured by the Total Earth Pressure Cells (TEPC) which were installed exactly under the 
centerline of load, at different depths in the subgrade. Noticeable increase in the measured 
vertical stresses in Experiment No. 4 compared to the Experiment No. 3 can be inferred. 
 
 
Figure 5.18. Comparison between measured vertical stresses in Experiment No. 4 
and Experiment No. 3, non-slope side, 6 inch from subgrade surface, offset from the 












































Figure 5.19. Comparison between measured vertical stresses in Experiment No. 4 
and Experiment No. 3, non-slope side, 6 inch from subgrade surface, offset from the 
centerline of the load equal to 24 inch. 
 
 
Figure 5.20. Comparison between measured vertical stresses in Experiment No. 4 














































































Figure 5.21. Comparison between measured vertical stresses in Experiment No. 4 
and Experiment No. 3, 6 inch from subgrade surface, centerline of the load. 
 
Figure 5.22 to Figure 5.24 depicts the measured vertical stresses at the location of 
TEPCs where they were located in the slope side with respect to the applied surface load. 
Figure 5.22 shows the measured load induced vertical stresses at 6 inch from subgrade 
surface in Experiment No. 4 which are compared to the matching ones in Experiment No. 
3. As presented in this figure, for two different distances of surface load from the edge of 
the slope (i.e., 12 inch and 24 inch), significant increase in the measured vertical stresses 
was observed. Such an observation reveals the role of sloped edge on the stress distribution 







































Figure 5.22. Comparison between measured vertical stresses in Experiment No. 4 
and Experiment No. 3, slope side, 6 inch from subgrade surface, offset from the 
centerline of the load equal to 12 inch. 
 
Figure 5.23 and Figure 5.24 represent the stresses measured by P9 and P10 when 
the surface loads were applied at the farthest location from the edge in Experiment No. 4 
(i.e. Loc36). These figures imply that although the surface load was applied at 36 inch from 
the edge of the slope, significant change in the vertical stress distribution attributed to the 








































Figure 5.23. Comparison between measured vertical stress in Experiment No. 4 and 
Experiment No. 3, slope side, 6 inch from subgrade surface, offset from the 
centerline of the load equal to 12 inch. 
 
 
Figure 5.24. Comparison between measured vertical stress in Experiment No. 4 and 
Experiment No. 3, slope side, 6 inch from subgrade surface, offset from the 








































































5.2.3.3. Determination of Stress Adjustment Factor for Sloped Shoulder (SAFShoulder) 
As mentioned earlier, in geotechnical practice it is customary to double the calculated 
horizontal stress in the soil medium (i.e., SAFShoulder equal to 2) when the half space 
condition is not present. In order to determine a SAFShoulder to be applied to computed 
stresses by 3D-Move Analysis software, the measured stresses at the location of TEPCs in 
Experiment No. 4 were compared against the respective calculated stresses from 3D-Move 
Analysis software. Note that, the backcalculated moduli for the various layers from 
Experiment No. 3 were used in 3D-Move Analysis software simulations since this 
experiment was intended to be a control experiment representing pavement structure 
without any sloped shoulder (i.e., laterally extended to infinity). The following summarizes 
the steps involved in the determination of SAFShoulder. 
Step 1. Use measured surface displacements (deflection basin) in Experiment No. 
3 to backcalculate layer moduli at the respective load levels. 
Figure 5.25 present the maximum pavement surface vertical deflections from 
LVDT measurements (averaged from five cycles) at each of the applied load levels in 
Experiment No. 3. The surface deflection basins at different load levels were employed in 
the backcalculation analysis using the program BAKFAA. Repeated attempts at the 
backcalculation process with many controls on the variability of the elastic modulus 
revealed that the subgrade layer should be subdivided to two sublayers using “Depth to an 





Figure 5.25. Measured deflection basin in Experiment No. 3. 
 
Step 2. Compare measured vertical stresses at the location of TEPCs in Experiment 
No.3 with those calculated by 3D-Move Analysis software using associated backcalculated 
moduli. 
Comparison between the measured and 3D-Move Analysis software calculated 
vertical stresses at six different locations in the subgrade and base layers (see Figure 5.26) 
revealed the capability of 3D-Move Analysis software to reasonably estimate the load-






























Load Level = 9,000 pound
Load Level = 12,000 pound
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Figure 5.26. Comparison between 3D-Move Analysis software calculated versus 
measured vertical stresses in Experiment No. 3. 
 
 
Step 3: Compute vertical stresses at the location of TEPCs in Experiment No. 4 
using 3D-Move Analysis software in conjunction with the pavement layers moduli 
backcalculated from the no slope experiment (i.e., Experiment No. 3) and compare with 
those measured in Experiment No. 4. 
As previously described in section 5.2.3.2, measured stresses on the non-slope side 
with respect to the applied surface load in Experiment No. 4 were similar to the 
corresponding ones recorded in Experiment No. 3. Therefore, the comparison between 
measured vertical stresses in Experiment No.4 and computed by 3D-Move Analysis 
software were only conducted on data collected from the TEPCs located exactly under the 
centerline of the load and on the slope side with respect to the surface load. Following 



















































 Figure 5.27 and Figure 5.28 display the comparison between the measured and 3D-
Move Analysis software calculated vertical stresses recorded by P1 and P10 in 
Experiment No. 4, located under the center line of the load (i.e., Loc12) at two 
different depths. It can be seen that the vertical stresses measured by P1 and P10 
are 80 percent and 40 percent higher than those calculated by 3D-Move Analysis 
software, respectively. 
 Vertical stresses measured by P1 in Experiment No. 4 when the load was applied 
at Loc24 and Loc36 are presented in Figure 5.29 and Figure 5.30, respectively. 
These measurements in comparison with the corresponding ones calculated by 3D-
Move Analysis software shows 60 percent increase in the load induced vertical 
stresses due to the presence of the slope. 
 Figure 5.31 depicts the measured load induced vertical stresses at 6 inch from 
subgrade surface and 12 inch radial distance from the centerline of the load in 
Experiment No. 4. when the surface load were applied at two different distances 
from the edge of the slope (i.e., 12 and 24 inch). This figure shows almost 60 
percent increase in the measured vertical stresses in Experiment No. 4 compared to 
the 3D-Move Analysis software calculated ones at the same locations. 
 As shown in Figure 5.32, at the 24 inch offset from the centerline of the surface 
load when it was applied at 36 inch (Loc36) from the edge, the measured vertical 








Figure 5.27. Comparison between measured vertical stress in Experiment No. 4 and 




Figure 5.28. Comparison between measured vertical stress in Experiment No. 4 and 

































































Figure 5.29. Comparison between measured vertical stress in Experiment No. 4 and 
3D-Move Analysis software, slope side, 20 inch from subgrade surface, offset from 
the centerline of the load equal to 12 inch. 
 
 
Figure 5.30. Comparison between measured vertical stress in Experiment No. 4 and 
3D-Move Analysis software, slope side, 20 inch from subgrade surface, offset from 
































































Figure 5.31. Comparison between measured vertical stress in Experiment No. 4 and 
3D-Move Analysis software, slope side, 6 inch from subgrade surface, offset from 
the centerline of the load equal to 12 inch. 
 
 
Figure 5.32. Comparison between measured vertical stress in Experiment No. 4 and 
3D-Move Analysis software, slope side, 6 inch from subgrade surface, offset from 





























































Summary of the above observations is represented in Table 5.2. It can be concluded 
that the sloped shoulder plays a major role in the stress distribution within a pavement 
structure, particularly in the slope side. Accordingly, the use of a Stress Adjustment Factor 
(SAFShoulder) equal to 1.5 to adjust the 3D-Move Analysis software calculated stresses in 
the presence of sloped shoulder is recommended. 
It should be noted that this conclusion was derived from the observations based on 
two large-scale experiments. However, the influence of different parameters such as 
pavement structure and layer thicknesses, angle of the slope, distance of the surface load 
from the edge of slope, distance of response points from the slope and surface load, etc. 
requires further investigation by conducting complementary experiments and additional 
numerical analyses which is recommended as future studies and improvements. 
 
Table 5.2. Summary of comparison between Stresses Measured in Experiment No. 4 
and Computed using 3D-Move Analysis software. 
Pressure 
Cell 
Depth Surface Load 
Location in 







P1 20 inch from 
subgrade surface 
Loc12 0 inch 1.4 
P10 6 inch from 
subgrade surface 
Loc12 0 inch 1.8 
P1 20 inch from 
subgrade surface 
Loc24 12 inch 1.6 
P1 20 inch from 
subgrade surface 
Loc36 24 inch 1.6 
P9S 6 inch from 
subgrade surface 
Loc12 12 inch 1.6 
P10 6 inch from 
subgrade surface 
Loc24 12 inch 1.6 
P10 6 inch from 
subgrade surface 





5.2.4. Validation of the Proposed Wedge Method Using Experiment No. 4 
Investigating the applicability of the proposed approach to evaluate the stability of sloping 
layered medium consisting of typical pavement layer configurations and properties is one 
of the main concerns. In this section the exercise to evaluate the validity of the proposed 
Wedge Method using the conducted experiment (Experiment No. 4) is presented. 
5.2.4.1. Determination of Factor of Safety (FOS) for Sloping Edge in Experiment No. 4 
In order to evaluate the applicability of the proposed slope stability of Wedge Method, the 
factor of safety (FOS) for the sloping edge in Experiment No. 4 was determined when the 
FWD loads were applied at three locations (i.e., Loc12, Loc24, and Loc36). It should be 
reminded that the pavement structure, instrumentation plan, as well as loading protocol can 
be found in section 5.2.3.1. Figure 5.33 shows an illustration of the pavement structure and 
loading locations in Experiment No. 4. As shown in this figure, different failure wedges 
with horizontal and inclined slip surfaces were considered. It may be noted that the spacing 
between the horizontal slip surfaces equal to three inch was selected. 
 
 




As mentioned earlier in section 5.2.2, the proposed Wedge Method assumes plane 
strain condition for the slope stability analysis under the SHL vehicle since the length of 
SHL vehicles usually extend to a relatively large extent. However, in Experiment No. 4 the 
FWD load was applied on the 11.9 inch circular steel plate which means that the plane 
strain assumptions does not hold true. Therefore, a three dimensional analysis of Wedge 
Method should be applied. 
Figure 5.34 illustrates the possible three dimensional failure wedge in Experiment 
No. 4 where the width of the wedge (Bwedge) equal to 11.9 inch (i.e., width of the FWD 
plate) was assumed. The force diagram applied on the failure wedge are shown in Figure 
5.35. It can be seen that seven forces acting on the failure wedge which are as follows: 
 Weight of the sliding wedge (W);  
 Developed resisting cohesion force resulting from the mobilized cohesion (TD) 
acting on the bottom slip surface;  
 The resultant force from the bottom soil (FD) that makes an angle ϕD with the 
normal to the bottom slip surface; and 
 Developed resisting cohesion force resulting from the mobilized cohesion (T'D) 
acting on the side surfaces (i.e., front and back);  
 The resistive force from the side soil (PD) that makes an angle ϕD with the normal 
to the side surfaces (i.e., front and back); and 
 Two components of horizontal deriving forces acting on the vertical surface are: 
(a) lateral earth pressure from adjacent soil (Q), and (b) resultant horizontal force 






Figure 5.34. Possible failure wedge. 
 
 
Figure 5.35. Force diagram applied on the possible failure wedge. 
 
As before, the Rankine active earth pressure was used to determine the lateral earth 
pressure (Q). The horizontal stress distribution on the vertical side of the failure wedge was 
computed with 3D-Move Analysis software using the backcalculated resilient moduli and 
subsequently adjusted by SAFshoulder equal to 1.5. It may be noticed that T'D which is the 
resisting cohesion force resulting from the mobilized cohesion was only applied on the 
trapezoidal side surfaces composed of subgrade (ASG) since cohesion-less properties for the 




Meyerhoff et al. proposed that the resistive force (PD) is a passive resistance force 
from the surrounding subgrade and this can be determined using the Rankine passive earth 
pressure expressed by Equation 5.13 and Equation 5.14 [40]. It should be noted that the 
vertical soil pressure (σ0) should be calculated at the center of gravity of the triangular area 






) Equation 5.13 
 
𝜎𝑃 = 2(𝜎0𝐾𝑝 + 2𝑐√𝐾𝑝) Equation 5.14 
 
Using the force equilibrium equations in the parallel and perpendicular directions 
to the slip surface, the factor of safety (FOS) can be determined which is expressed in 














)) = 𝑃 + 𝑄 Equation 5.15 
 
As a representative example of calculations, FOS for the possible failure wedge 
where the horizontal slip surface is located at 9 inch from the subgrade surface (i.e., 20 
inch from the pavement surface) equal to 3.5 was calculated. In this exercise, the FWD 
loading at the highest load level (about 27,000 lb) applied at Loc12 was considered. Table 
5.3 summarizes the properties of the materials used in Experiment No. 4. Figure 5.36 
depicts the 3D-Move Analysis software calculated horizontal stresses adjusted by 




For the same loading level (i.e., about 27,000 lb) and location (i.e., Loc12), a 
minimum FOS equal to 1.3 was determined for the possible failure wedge where the 
horizontal slip surface is located at 3 inch from the subgrade surface (i.e., 14 inch from the 
pavement surface). For the similar load level applied at Loc24 and Loc36, minimum FOS 
values equal to 1.6 and 3.1 were determined, respectively. It should be mentioned that slope 
failure was not observed for the same loading cases in Experiment No. 4 confirming that 
the proposed Wedge Method is capable of analyzing the stability of sloping layered 
medium consisting of typical pavement layer configurations and properties. 
 
Table 5.3. Properties of Material in Experiment No. 4. 
Properties Value 
Base Density (pcf) 125 
Base Angle of Internal Friction (degrees) 38 
Subgrade Density (pcf) 110 
Subgrade Angle of Internal Friction (degrees) 38 
Subgrade Cohesion (psi) 2 
 
 







































5.3. Overall Summary 
Non-standard SHL vehicle loading at the pavement surface can render a critical condition 
(distress modes) of instantaneous ultimate failure, localized shear failure, or excessive 
surface deflection. Ultimate failure analyses include the investigation of the subgrade 
bearing failure as well as sloped shoulder failure. 
In order to examine the risk of instantaneous subgrade bearing failure, Meyerhof’s 
general bearing capacity equation was adopted. The ultimate failure analysis which focuses 
on the subgrade layer compares the distributed vertical stress on top of the subgrade 
induced by the SHL vehicle with the bearing capacity of subgrade layer. A modified 
bearing capacity approach is applied when a sloping pavement shoulder is present. 
In this study, the stability of a sloping layered medium consisting of pavement 
layers with distinct properties under SHL movements is evaluated using Wedge Method 
which is a well-accepted slope stability analysis methodology in geotechnical practice, was 
modified. This method evaluates the stability of possible failure wedges by considering 
them as a rigid sliding mass or a gravity retaining structure. Resultant horizontal force (P) 
due to surcharge load, i.e., SHL vehicle is the major component of the horizontal deriving 
force leading to the instability of failure wedge. In this study, 3D-Move Analysis software 
was used to compute the horizontal stresses since it accounts for the viscoelastic properties 
of the AC layer as well as moving load with non-uniform tire-pavement interface stresses 
on any shape loaded area.  
However, the 3D-Move Analysis software computed stresses need to be modified 
to account for the role of sloping shoulder near the edge of the pavement since this software 




Factor (SAFShoulder) was determined based on the results obtained from two large-scale 
experiments with similar pavement structure (i.e., Experiment No. 3 and Experiment No. 
4) while Experiment No. 4 consisted of a sloped edge. The measured stresses at the location 
of TEPCs in Experiment No. 4 were compared against the respective calculated stresses 
from 3D-Move Analysis software. In these calculations backcalculated moduli for the 
various layers from Experiment No. 3 (i.e., control experiment) were used.  
It was found that the sloped shoulder plays a major role in the stress distribution 
within a pavement structure, particularly in the slope side. Accordingly, SAFShoulder equal 
to 1.5 to adjust the 3D-Move Analysis software calculated stresses in the presence of sloped 
shoulder is recommended. Finally, the validity of the proposed Wedge Method using the 
conducted experiment (Experiment No. 4) was verified.  
It should be mentioned that further investigation by conducting complementary 
experiments and additional numerical analyses are recommended. Such analyses should 
consider various scenarios of flexible pavement structures, slope angles, distance of the 
surface load from the edge of the slope, etc. to cover other cases that were not considered 








CHAPTER 6. BURIED UTILITY RISK ANALYSIS 
As part of this study, a research was carried out to assess the risk against failure in existing 
buried utilities due to SHL movement. It started by reviewing the existing state-of-practice 
methods which are employed for the design of buried utilities. It was found that every 
utility has certain specific design considerations that are unique to that particular buried 
utility. However, two common steps of design are followed in existing methods. In the first 
step, the focus is on the determination of load distribution on the buried utility structure 
due to the dead (i.e., soil overburden) and live (i.e., traffic) loads. Well-established 
common practices to accomplish the first step which provides estimation for load 
distribution on the utility are available. Subsequently, the buried utility structure is 
designed in accordance with the specification which is specific to its type (step 2). In this 
step, the internal integrity of an existing utility subjected to the dead and live loads is 
assessed. Since step 2 of analyzing any buried utility is well established, the focus will be 
on the available methods for step 1. 
Typical underground utilities that are often found near highway routes include 
sewer lines, drain lines, water mains, gas lines, telephone and electrical conduits, culverts, 
oil and coal slurry lines, and heat distribution lines [41,41]. Buried utilities are expected to 
withstand the induced stresses from live and dead loads during the expected service life of 
about 50 to 100 years. Important and critical factors that govern the performance of buried 
utilities are: backfill and its compaction, type of buried utility, depth of cover, and external 
loads. 
In general, underground utility structures are categorized as flexible or rigid. By 




(vertical deflection normalized with respect to the original size) without any significant 
structural distress. Materials that do not meet this criterion are generally considered as a 
rigid [41]. Steel, ductile iron or cast iron, and plastic pipes, which are more ductile, are 
usually classified as flexible. Concrete and clay pipes usually belong to the rigid utility 
category. For flexible pipes, their stiffness is an important factor in resisting failure modes 
such as ring deflection or buckling. On the other hand, rigid utilities should be designed to 
resist wall stresses resulting from internal pressure and external loads [41,41]. 
The stresses induced on buried utilities from dead (i.e., overburden) and live (i.e., 
traffic) loads strongly depend on the stiffness properties of the utility and the surrounding 
soil. This phenomenon is generally referred to as soil-structure interaction. In rigid utilities 
it is generally assumed that vertical stress is more important and horizontal stress is often 
neglected. On the other hand, for flexible pipes, the performance (e.g., deflection) mainly 
depends on both the vertical stress and horizontal soil reaction stress [42]. 
Marston theory is routinely-used to compute dead loads on rigid utilities [43]. 
Based on this theory, the resultant load on an underground structure is computed as the 
weight of the material above the top of the conduit minus the shearing or friction forces 
along the sides of the trench. Applicability of Marston theory for determining dead loads 
on buried flexible pipes was investigated by Spangler, who concluded that this theory is 
not applicable for a flexible pipe [44]. Accordingly, Spangler incorporated the effects of 
the surrounding soil and developed the method known as Iowa formula. 
Several experimental and analytical attempts have been made to investigate stress 
variation as a function of depth from surface traffic live loads. The classical Boussinesq 




depth are the most widely used calculation approaches [41,41]. As shown in Figure 6.1, 
applicability of classical solutions is often constrained to linear elastic, homogenous, and 
half space soil conditions. 
 
Figure 6.1. Distributed vertical stress on top of utility based on Boussinesq solution. 
 
AASHTO Standard Specifications and more recent AASHTO Load and Resistance 
Factor Design (LRFD) Specifications proposed approaches to investigate live load 
spreading through the homogenous subgrade soil irrespective of the characteristics of the 
buried structure (i.e., flexible or rigid) [45]. The Standard AASHTO Specifications 
recommend applying live load as a point load at the surface, and spreading loads at the rate 
of 1.75 to the cover depth. Subsequently, in order to consider the dynamic load allowance 
(i.e., impact effects), the load is increased by 30 percent for zero depth, decaying to zero 
for cover depths more than 3 ft. 
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On the other hand, the LRFD Specifications requires that the live load should be 
applied as a uniform rectangular tire footprint of 10 inch by 20 inch at the surface but 
attenuate with a load coefficient (1.00 or 1.15 as a function of soil type) as the depth of fill 
increases as illustrated in Figure 6.2. Dynamic load allowance equals to 33 percent for zero 
depth and zero percent for depths greater than 8 ft is then applied. It should be mentioned 
that live load equals to 16,000 lb which represents HS20 truck is considered in both 
AASHTO and LRFD Specifications. In addition, if the buried utility is located in the wheel 
interaction depth, both methods simply doubles the distributed pressure on top of the utility 
as shown in Figure 6.3. 
 
 
Figure 6.2. Distributed vertical stress on top of utility based on LRFD method. 
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Figure 6.3. Distributed vertical stress on top of utility based on LRFD method with 
interaction from surface loads. 
 
Previous experimental work has shown that live loads spread over a much greater 
area than specified by the LRFD specifications [46,47]. Flexible pipes deform under live 
load and this deformation causes the development of shear stresses in the soil that in turn 
causes the live-load to spread out over a larger area and affect a greater length of pipe. In 
rigid utility, the reaction is different. Although the rigid utility does not deform 
significantly under load, they are stiff and internally spread the load over a greater length 
of structure [46,47]. 
An extensive research study was conducted by Petersen et al., who investigated the 
distribution of live loads with depth as a function of soil and culvert type [46]. They used 
three-dimensional numerical modeling and considered the influence of many parameters 
that included, cover depth, pipe diameter, culvert type, and soil type. As many as 800 cases 
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of 3D analyses of buried structures were undertaken. Their results show that the 
aforementioned controlling parameters significantly affect the live load distribution. The 
investigators proposed a set of simplified design equations (SDEs) for structural response 
and live load distribution as a function of culvert type. In this analysis, HS20 truck live 
load was simulated and applied at the top of subgrade soil without consideration for the 
presence of a crushed aggregate base (CAB) or an asphalt concrete (AC) layer. 
Kraus et al. conducted numerical and laboratory-based studies to evaluate the 
impact of overweight load on buried utilities [48]. Two-dimensional numerical modeling 
was used to perform sensitivity analysis to evaluate the effects of various parameters on 
the potential damage to buried utilities due SHL movement. Similar to the Peterson et al. 
study, the investigation in Kraus et al. study was performed on utilities buried in unpaved 
roads and applied only static loading [45,48]. 
6.1. Problem Statement 
As stated earlier, fair assessment of the induced stresses from dead and live loads is 
required in order to reliably analyze the internal integrity of a buried utility. Although state-
of-practice use methods which provide recommendations with respect to the load 
distribution, they are limited especially when assessing the risk of buried utilities under a 
SHL vehicle move. The following lists their limitations: 
 Considering only standard truck (mostly HS20) as live load and simulating it even 
as point load, or as rectangular tire footprint (typically 10 inch by 20 inch). SHL 
hauling units are much larger in size and weight compared to the standard trucks. 




loads are variable. In other words, the spacing between tires and axles is not 
standard and the tire imprints as a whole can span over the entire width of a lane. 
Consequently, the effect of closely-spaced tires, non-uniform tire pressure 
distribution, and much heavier tire load cannot be addressed directly using the 
existing methods. 
 Applying the surface tire loads directly at the surface of unpaved roads (i.e., on top 
of subgrade). This case represents the worst case scenario since AC and CAB layers 
affect the stress distribution and can significantly reduce the stresses transferred to 
the utility. While this may be a good design practice, for realistic buried utility 
assessment subjected to SHL vehicles, the role of existing pavement layers should 
be addressed. 
 Spreading the live load at a constant rate to the depth of subgrade (SG) soil cover. 
This assumption is not valid when considering a multi-layer system with distinct 
stiffness material properties (i.e., flexible pavement structure). 
 Simulating and applying the live load as static load. This might be a proper 
assumption since properties of existing AC layers are not taken into consideration 
in available methodologies. However, in the matter of SHL movement on a flexible 
pavement, the influence of speed on the viscoelastic behavior of an AC layer needs 
to be adequately accounted for in the stress distribution estimation process. 
Accordingly, developing a methodology to reliably analyze the risk against the 
failure of existing buried structures due to SHL movement on flexible pavements needs to 
be investigated in a mechanistic manner. This analysis can only be achieved by reliably 




existing procedures in assessing the integrity of the buried utilities due the induced stresses 
(i.e., step 2 in the analysis). To this end, 3D-Move Analysis software was seen as an ideal 
candidate to realistically simulate pavement structure and SHL vehicle and compute the 
vertical stress at the location of buried utility. However, this software assumes uniform 
layer stiffness extends laterally to infinity without considering the role of soil-structure 
interaction and discontinuities within the medium (i.e., existence of buried utilities). 
Therefore, these aspects need to be accounted for when this software is used to compute 
SHL vehicle-induced stresses. To this end, it was seen necessary to modify the 3D-Move 
Analysis software computed load-induced stresses at the location of the buried utility 
through the implementation of a Stress Adjustment Factor (SAFUtility). 
In order to determine the SAFUtility, large-scale experiments comprising a typical 
pavement structure (i.e., Experiment No. 3 and Experiment No. 5) were designed and 
carried out. While pavement structure and materials were similar in these experiments, 
buried utilities including one steel pipe and one reinforced concrete square box culvert 
were located in the subgrade of Experiment No. 5. The recorded observations and behavior 
of buried utilities were scrutinized to determine SAFUtility and this is detailed in this chapter. 
It should be noted that, the adjusted 3D-Move Analysis software vertical stresses are 
subsequently incorporated in the adopted methodologies to perform buried utility 
assessment. 
6.2. Procedures for Risk Analysis of Buried Utilities 
This section summarizes the available state-of-practice procedures to examine the 




load. Due to the widely-accepted nature of these existing procedures, they were adopted in 
this study to assess the risk of buried utilities under SHL movements. However, as 
mentioned in section 6.1, significant shortfalls, which are the impact of existing flexible 
pavement, role of unconventional surface loading from SHL vehicle, and the effect of 
vehicle speed need to be addressed when computing the increase in stresses due to surface 
load in these procedures. 
6.2.1. Flexible Utilities 
6.2.1.1. Background 
Flexible pipes are commonly used as buried underground conduits for roadways and 
highways. These pipes are usually made of steel, ductile iron or cast iron, corrugated high-
density polyethylene (HDPE), and polyvinyl chloride (PVC). By design, they are required 
to withstand soil overburden (dead) and surface traffic loads (live) as well as the 
fluctuations in groundwater. Structural design of buried corrugated metal pipe, and 
thermoplastic pipe (both PVC and HDPE) is provided in AASHTO LRFD Section 12. 
However, the loads on these buried pipes are provided in LRFD Section 3. Common 






Figure 6.4. Common terminology for a typical pipe. 
 
Out of the several studies reviewed, following two distinct design guidelines was 
found beneficial to fulfill the objectives of this study. The first guideline was produced for 
the American Lifelines Alliance (ALA), Guidelines for the Design of Buried Steel Pipe 
(July 2001 with addenda through February 2005) [49]. The purpose of this guideline was 
to develop design provisions to evaluate the integrity of buried steel pipes for a range of 
applied loads. One form of the applied loads been evaluated was the surface live load which 
is of interest to this study. The guidelines covered three specific types of surface live loads: 
1) Highway HS20 simulating a 20-ton truck traffic load with impact; 2) Railway E80 
simulating an 80,000 lb/ft railway load with impact; and 3) Airport simulating 180,000-
pound dual-tandem gear assembly with 26-inch spacing between tires and 66-inch center-
to-center spacing between fore and aft tires under a 12-inch thick rigid pavement with 
impact. Tables as well as equations to evaluate the ovality and stresses exerted in a pipe 
due to the aforementioned loading conditions for different soil layers were provided. While 
the guidelines were comprehensive in one area, any guidance on how to assess the stresses 
induced on steel pipes due to general surface loading (i.e., different load amplitude and 







The second study was conducted in 2009 for the Canadian Energy Pipeline 
Association (CEPA), Development of a Pipeline Surface Loading Screening Process and 
Assessment of Surface Load Dispersing Methods [50]. The motive of the study was the 
limitations embodied in American Petroleum Institute (API) RP 1102. These limitations 
are the soil cover depth (must be equal or greater than 3 ft) and surface loads (AASHTO 
HS20 with small footprints and tire pressure in excess of 80 psi). The study discussed the 
methodology to develop a screening tool which provided a simple “pass/no pass” 
determination based on attributes such as wheel or axel load, ground surface contact area 
and/or surface loading pressure, depth of cover, maximum allowable operating pressure 
and design factor. According to the study, situations that pass this initial screening would 
not require any additional analysis while situations that do not pass the initial screening 
may need to be evaluated in more detail. The study also discussed the effectiveness of 
various temporary or permanent surface load-dispersal and mitigation techniques to lessen 
the effect of surface loading. 
Almost every study reviewed referred to the “Spangler stress formula,” and the 
subsequent “Iowa formula”. The Spangler stress formula estimates the additional wall-
bending stress due to vertical load, while the Iowa formula estimates pipe ovality, which 
is the ratio of vertical deflection in pipe cross section (Δy) to pipe’s outer diameter (ODpipe), 
as presented in Figure 6.5, due to vertical load. Figure 6.6 shows the stress distribution 





Figure 6.5. Ovailty of pipe cross section. 
 
 
Figure 6.6. Stress distribution diagram for flexible pipe. 
 
Several agencies, such as the U.S. Bureau of Reclamation, studied the Iowa formula 
and compared its estimates with field and laboratory tests and generated what is referred 
to as the “Reclamation Equation” [51]. The reclamation equation is a variation of the Iowa 
formula that incorporates modifications based on tests, as well as studies on buried flexible 
pipes. 
The Spangler stress formula and Iowa formula were examined in the CEPA report 
and a modification to the Spangler stress formula was proposed. The authors of CEPA 
report concluded that they favor the use of Boussinesq-type expressions, which elastically 
relate the load transmitted to the buried pipeline due to the surface load, combined with 
“Spangler type” calculations to compute induced pipe stresses. They extended the Spangler 
formula to include the beneficial effects of lateral soil restraint [44]. Table 6.1 provides a 







Table 6.1. Comparison of Principle Methods for Evaluating Vertical Loading 
Effects on Buried Pipelines. 
Method Strength Limitation Comments 
Spangler Stress 
Formula 
 Easy to program 
 Includes pressure 
stiffening 
 Applies for full range 
of bedding angles 
 Neglects soil 
restraint 
 Requires coefficients 
from Boussinesq 
theory to estimate 
load at top of pipe 
 Considered to be 
conservative 
Iowa Formula  Easy to program 
 Includes lateral soil 
restraint 
 Computes 
deflection, not stress 
 Neglects pressure 
stiffening 
 Need to select soil 
parameter E’ 
 Need to select lag 
factor 
 Hardwired to 30 
degree bedding 
angle 
 Requires coefficients 
from Boussinesq 
theory to estimate 
load at top of pipe 
API RP 1102  Provides detailed 
flow chart 
 Computes multiple 
stress components 
 Performs stress 
demand-capacity 
checks 
 Includes check for 
fatigue 
 Limited to auger 
bore construction 
 Limited to cover 
depths ≥ 3 feet 
 Hardwired to 
AASHTO H20 truck 
loads with tire 
pressures typically 
in-excess of 550 kPa 
(80 psi). 
 Difficult to manually 
perform calculations 
 Requires PC-






 Easy to program 
 Includes pressure 
stiffening 
 Includes lateral soil 
restraint 
 Need to select soil 
parameter E’ 
 Need to select lag 
factor 
 Requires coefficients 
from Boussinesq 
theory to estimate 
load at top of pipe 










The adopted methodology in this study is a hybrid step-by-step evaluation procedure 
provided in the ALA and the CEPA reports with special attention given to the method of 
determining the induced stresses on the buried pipe due to the application of surface load. 
The proposed modification utilizes the capabilities of 3D-Move Analysis software to 
realistically model the full pavement structure along with the appropriate material 
properties. The procedure with the proposed modification is divided into four general 
checks: 
 Check 1. Assess factor of safety against pipe circumferential stress failure 
 Check 2. Check ovality of pipe cross section  
 Check 3. Check ring buckling stress 
 Check 4. Check wall crushing stress 
Below are the detailed steps involved with every check. It should be noted that the 
adopted procedure has been implemented in SuperPACK. 
6.2.1.2.a. Check 1. Assess Factor of Safety Against Pipe Circumferential Stress Failure 
In order to determine the factor of safety against circumferential stress failure (FOSCSF), 
Equation 6.1 through Equation 6.7 are utilized. FOSCSF greater than one indicates that pipe 
integrity will not be affected due to static, internal pressure and external surface loads. 









𝑅𝑊 = 1 − 0.33
ℎ𝑤
ℎ𝑐𝑜𝑣𝑒𝑟
 Equation 6.2 
 
𝑃𝑣 = 𝛾𝑤𝑎𝑡𝑒𝑟 × ℎ𝑤 + 𝑅𝑊 × 𝜎0 Equation 6.3 
 


























3 Equation 6.5 
 





 Equation 6.7 
 
where: 
Shi : pipe circumferential stress due to internal pressure; 
Pint : pipe internal pressure; 
ODpipe : outer diameter of the pipe; 
tpipe : thickness of the pipe wall; 
RW : water buoyancy factor; 
hw : height of water surface above top of the pipe; 
hcover : depth to the top of the pipe; 
Pv : vertical stress due to dead load; 
γwater : unit weight of water; 




Wvertical : vertical load due to external loads (dead and live loads); 
Pp : vertical stress due to live load; 
σbw : circumferential stress due to external loads (i.e, dead and live loads); 
KB : bending moment parameter;  
KZ : deflection parameter; 
Epipe : modulus of elasticity of the pipe; 
E' : modulus of soil reaction;  
σbw_total : total circumferential stress due to internal pressure and external loads; and 
SMYS : specified minimum yield strength of pipe material. 
It should be mentioned that the vertical stress due to live load (Pp) in Equation 6.4 
is calculated using Boussinesq equation. In this study, Pp is determined using 3D-Move 
Analysis software so that the role of pavement layers’ stiffness properties, non-
conventional SHL vehicle tire and axle configurations, weight, and traveling speed is 
considered. Alternatively, calculated Pp in Equation 6.8 is used to investigate the safety of 
flexible buried utilities against circumferential stress failure (FOSCSF). 
 
𝑃𝑝 = 𝑆𝐴𝐹𝐹𝑙𝑒𝑥𝑖𝑏𝑙𝑒(𝜎𝑧𝑧−3𝐷−𝑀𝑜𝑣𝑒) Equation 6.8 
 
where: 
zz-3D-Move : 3D-Move Analysis software calculated stress at the crown of the pipe; 




It may be noted that the SAFFlexible accounts for the pipe flexibility and discontinuity 
in the medium due to the existence of buried utility and will be discussed in a detailed 
manner in section 6.3. 
KB and KZ are Spangler stress parameters based on elasticity solutions for elastic 
ring bending. They are function of the bedding angle as provided in Table 6.2. It is noted 
that a bedding angle of 30 degrees is typically used since it represents open trench 
construction with relatively unconsolidated backfill. It should be noted that the modulus of 
soil reaction is the stiffness of the embedment material surrounding the pipe which is a 
function of soil type and compaction [49, 50]. 
 
Table 6.2. Spangler Stress Formula Parameters 
Bedding Angle (degrees) Moment Parameter (KB) Deflection Parameter (KZ) 
0 0.297 0.110 
30 0.235 0.108 
60 0.189 0.103 
90 0.157 0.096 
120 0.138 0.089 
150 0.128 0.085 
180 0.125 0.083 
 
6.2.1.2.b. Check 2. Check Ovality of Pipe Cross Section 
Pipe ovality (Pipeovality) which is the ratio of vertical deflection in pipe cross section (Δy) 
to pipe diameter (ODpipe) is calculated using Equation 6.9 and Equation 6.10. Ovality 
greater than five percent indicates that the pipe integrity will be affected by the surface load 























Ipipe : moment of inertia of the pipe wall cross section per inch of pipe; 
Dl : deflection lag factor; and 
Kb is the bedding constant.  
Note that the vertical stress due to live load (Pp) in Equation 6.9 is determined using 
Equation 6.8 and 3D-Move Analysis software calculated stress at the crown of the pipe 
(σzz-3D-Move).  
6.2.1.2.c. Check 3. Check Ring Buckling Stress 
Equation 6.11 and Equation 6.12 are utilized to calculate the allowable critical ring 
buckling stress (σcrb). A combined induced vertical stress due to dead load (Pv) and live 
load (Pp), see Equation 6.9, greater than σcrb indicates the need for mitigation strategies. In 
Equation 6.12, FSreq is the required factor of safety which is equal to 2.5 if hcover /ODpipe ≥ 




















3  Equation 6.12 
 
where: 
B' : coefficient of elastic support 
6.2.1.2.d. Check 4. Check Wall Crushing Stress 
Wall crushing stress (σwc) calculated using Equation 6.13 and Equation 6.14 should be 
compared with the factor of safety against wall crushing (FOSwc), as expressed in Equation 


















 Equation 6.15 
 
where: 
Tpw is the thrust in pipe wall. 
Similar to Check 1, Check 2, and Check 3, the induced vertical stress due to live 
load is the 3D-Move Analysis software computed vertical stress (σzz-3D-Move) adjusted by 




6.2.2. Rigid Utilities 
6.2.2.1. Background 
As mentioned earlier in section 6.1, buried utilities are mainly categorized as flexible or 
rigid. Flexible pipes should be able to withstand at least two percent deflection ratio 
(vertical deflection normalized with respect to the original size) without any significant 
structural distress while rigid utilities do not meet this criterion.  
Based on material type used in the construction of rigid utilities, they are mainly 
classified into three types: asbestos-cement pipe, clay pipe, and concrete utilities. Due to 
hazardous risk associated with asbestos concrete, the use of asbestos-cement pipe has been 
limited. Clay pipe is manufactured from clay and shale. These pipes are resistant to 
corrosion and abrasion but their strength is low. Concrete utilities, which are mostly 
reinforced, are manufactured and used in arch, pipe, and box (i.e., culvert) shapes. It should 
be noticed that an analysis procedure to investigate the stability of a single cell buried 
concrete culvert subjected to SHL vehicle move was adopted in this study. An illustration 
of a single cell concrete culvert is depicted in Figure 6.7. As shown, it is made up of four 
members: top slab, bottom slab, and two sidewalls. 
 
 








Load and Resistance Factor Design (LRFD) Specifications is a common practice to 
design rigid buried utilities which consist of two main steps [45]. In the first step, 
distribution of dead and live load to the culvert loads is determined. Subsequently, the 
calculated distributed loads are used in the second step to design the rigid utility. After 
conducting an extensive literature review, it was decided to utilize LRFD method to 
evaluate the vulnerability of a buried rigid utility subjected to the SHL vehicle move. 
6.2.2.2. Methodology 
Dead loads are the weight of earth fill (i.e., overburden) and self-weight of 
members. According to LRFD method, the weight of the earth fill should be increased to 
consider the soil-structure interaction using the soil-structure interaction factor (Fe). 
Equation 6.16 and Equation 6.17 are used to calculate Fe for embankment or trench 
installation, respectively. The recommended values of Kμ' in Equation 6.18 for different 
soil can be found in Table 6.3. 
 
𝐹𝑒 = 1 + 0.2
𝐻𝑐𝑢𝑙𝑣𝑒𝑟𝑡
𝐵𝑐𝑢𝑙𝑣𝑒𝑟𝑡





















Hculvert : embedment depth of the culvert from the surface; 
Bculvert : width of the culvert; 
Btrench : width of the trench; and 
Cd : load coefficient. 
 
Table 6.3. Recommended Values of Kμ'. 
Soil Type Kμ' 
Cohesionless granular materials 0.1924 
Sand and gravel 0.1650 
Saturated top soil 0.1500 
Ordinary clay 0.1300 
Saturated clay 0.1100 
 
In order to determine the live load distribution on a rigid culvert, LRFD method 
applies the tire loading of HS20 truck at the surface of an unpaved subgrade soil (i.e., no 
CAB and AC layer). Tire loading equal to 16,000 lb on the footprint of 10 inch by 20 inch 
is considered for HS20 truck. The applied surface load is spread on top of the culvert with 
the rate of 1.00 or 1.15 as a function of soil type (see Figure 6.2). Subsequently, in order to 
consider the dynamic load allowance, the calculated load is increased by 33 percent for 
zero depth, decaying to 0 percent for depth of 8 ft. 
However, as mentioned in section 6.1, the live load distribution to the buried 
utilities due to SHL movement is determined using 3D-Move Analysis software. Therefore, 
the computed vertical stress by 3D-Move Analysis software (σzz-3D-Move) at the top of rigid 
culvert is computed and adjusted by Stress Adjustment Factor for rigid culvert (SAFRigid) 




(see Equation 6.19). It should be noted that determination of SAFRigid is presented in section 
6.3.  
 
𝐿𝑜𝑎𝑑𝑆𝐻𝐿 = 𝑆𝐴𝐹𝑅𝑖𝑔𝑖𝑑(𝜎𝑧𝑧−3𝐷−𝑀𝑜𝑣𝑒)𝑙𝑐𝑢𝑙𝑣𝑒𝑟𝑡𝑏 Equation 6.19 
 
where:  
lculvert : length of culvert opening; and 
b is the strip width (12 inch).  
In order to investigate the internal integrity of a buried concrete box culvert 
knowing the dead and live loads distribution (see Figure 6.8), calculation of load-induced 
moments, shear, and axial forces in the members of the culvert (i.e., top slab, bottom slab, 
and sidewall) are required. To accomplish this, the slope-deflection method which is a 
common structural analysis technique was selected in this study since its solution scheme 
can be computationally solved. 
Once the load induced moment, shear, and axial forces are calculated for each of 
the culvert members, the stability of a rigid buried utility is investigated by analyzing the 
flexural strength, shear strength, and axial thrust analysis in the culvert members (i.e., top 
slab, bottom slab, and sidewalls) in accordance with AASHTO LRFD Bridge Design 
Specifications [45]. LRFD design method provides the specifications for the design of a 
concrete culvert box knowing the induced moment, shear, and axial forces. Similarly, 
structural adequacy analysis is performed when the properties and characteristics of the 
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6.2.2.2.a. Flexural Strength Investigation 
The flexural strength investigation of a concrete culvert member (i.e., top slab, bottom slab, 
and sidewall) is examined by comparing the factored flexural resistance (ϕfMn) and the 
maximum induced moment (Mu) at the cross section of the member. The critical locations 
for flexural strength investigations are usually at the end and middle of the members. A 
value of ϕfMn greater than Mu indicates adequate flexural strength of the member. Note that 
ϕf is the strength reduction factor for flexure which is equal to 0.9. The equations depicted 
in Equation 6.20 and Equation 6.21 are used to calculate the flexural resistance (Mn). 
 
𝑑𝑒 = 𝑡𝑐𝑢𝑙𝑣𝑒𝑟𝑡 − 𝑐𝑜𝑣𝑒𝑟 − 𝐷𝑅𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 Equation 6.20 
 




) Equation 6.21 
 
where: 
de : effective depth; 
tculvert : thickness of the member; 
cover : concrete cover on the reinforcements; 
DReinforcement : diameter of the longitudinal reinforcements; 
As : available longitudinal reinforcement area within the strip width; 
fy : yield strength of the reinforcement; 
f'c : compressive strength of the concrete; 




6.2.2.2.b. Shear Strength Investigation 
In order to infer that a concrete culvert member can resist the maximum induced shear Vu, 
factored shear resistance (ϕsVn) of the member needs to be higher than Vu. Here, ϕs is the 
strength reduction factor for shear and equal to 0.9. The shear resistance (Vn) is calculated 





 Equation 6.22 
 
𝑉𝑐 = 0.0316 × 2√𝑓𝑐′(𝑏𝑑𝑣) Equation 6.23 
 
𝑉𝑐 = (0.0676√𝑓𝑐′ + 4.6
𝐴𝑠𝑉𝑢𝑑𝑒
𝑏𝑑𝑒|𝑀𝑢|
) 𝑏𝑑𝑒 < 0.126√𝑓𝑐′(𝑏𝑑𝑒) Equation 6.24 
 
𝑉𝑛 = 𝑉𝑐 +
𝐴𝑠𝑓𝑦𝑑𝑒
𝑆𝑠ℎ𝑒𝑎𝑟
 Equation 6.25 
 
where: 
dv : effective shear depth; 
Vc : nominal shear strength of the concrete; 
As : available shear reinforcement area; and 
Sshear : spacing of shear reinforcement. 
6.2.2.2.c. Axial Thrust Investigation 
The factored compressive axial resistance (ϕaPn) of the culvert members which is 




members. Here, ϕa is the strength reduction factor for compression and equal to 0.7. In this 
equation, Ag is the gross area of section. It should be noted that largest thrust value is 
usually developed in the sidewalls. 
 
𝑃𝑛 = 0.8(0.85𝑓𝑐
′(𝐴𝑔 − 𝐴𝑠) + 𝑓𝑦𝐴𝑠) Equation 6.26 
 
6.3. Stress Adjustment Factor for Buried Utilities 
In this section, observations from two experiments (i.e., Experiment No. 3 and Experiment 
No. 5) are presented. Experiment No. 3 is considered as the control experiment and it 
represents a full-scale pavement structure subjected to surface Falling Weight 
Deflectometer (FWD) loads at different intensities without any cavities (i.e., no buried 
utilities). On the other hand, Experiment No. 5 models similar pavement structure, with 
two types of buried utilities installed in the subgrade, subjected to the same surface FWD 
load intensities applied directly above the centerlines of the buried utilities. Subsequent 
exercise which compared 3D-Move Analysis software computed induced vertical stresses 
with those measured in the experiments to determine SAFFlexible and SAFRigid is described. 
6.3.1. Description of Experiment No. 3 and Experiment No. 5 
Experiment No. 3 included FWD testing on the full pavement structure composed of 5 inch 
of AC, 6 inch of CAB, and 66 inch of SG. FWD loads of 9,000; 12,000; 16,000; 21,000; 
and 27,000 lb were applied at the pavement surface. The instrumentation plan is presented 




(e.g., construction procedure, instrumentation, material properties etc.) conducted as a part 
of this study are presented in Appendix A. 
Experiment No.5 was designed and executed to investigate the impact of SHL 
movement on buried utilities. The experiment was used to validate the hypothesis that 
buried utilities affect the distribution of induced internal stresses due to surface load and 
for the determination of SAFFlexible and SAFRigid. Another objective of the experiment is to 
verify the applicability of existing methods in assessing the increase in vertical stresses due 
to surface loads. A full pavement structure, similar to the control experiment, Experiment 
No. 3, was constructed for this purpose. Two types of buried utilities were installed in the 
SG; a 12-inch diameter by 9-foot long and 1/8-inch thick steel pipe and a 12-inch square 
by 9-foot long and 1-inch thick concrete box culvert. Various sensors were used to capture 
the responses of the pavement structure and the buried utilities. Total earth pressure cells 
(TEPC) were installed on top and below the flexible pipe and the concrete culvert to capture 
the induced pressure. LVDT sensors were installed inside both utilities to measure the 
vertical and the horizontal deformations. Foil rosette strain gages were used on the steel 
pipe to measure the induced strain, and calculate the corresponding stress, in the pipe wall.   
The experiment was divided into three phases. In the first phase, FWD loads with 
different intensities ranging from 9,000 to 27,000 lb were applied at the surface (i.e., top 
of AC layer), directly above the centerline of the flexible pipe. In the second phase the 
same surface load was directly applied above the centerline of the rigid culvert. In the third 
phase of testing, the same surface load was applied between the two buried structures. 
Figure 6.9 shows a schematic of the test setup and the three locations of surface load 




utility installation, instrumentation plan and loading protocol. Complete instrumentation 
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In order to maximize the benefit from Experiment No. 5, a pipe selection criterion 
was adopted. This criterion should allow the pipe to act elastically at lower FWD load 
levels and to yield, or start to fail at higher FWD load levels. The procedure outlined in 
section 6.2.1 was used for the analysis without any adjustment to stress calculation. In other 
words, 3D-Move Analysis software calculated vertical stress at the location of the crown 
of the pipe was used without any adjustment. An iterative process was carried out using 
different combinations of standard steel pipe diameters and wall thicknesses. After several 
trials, the 12-inch pipe (outer diameter) with 1/8 inch wall thickness was selected. 
According to the analysis, the pipe was supposed to yield at the circumference (i.e., have 
circumferential stresses higher than yield stress) when the surface load exceeded 21,000 
lb. The pipe also was supposed to experience ovality higher than five percent at the same 
surface load level.  
A criterion similar to the one outlined in section 6.2.2 was adopted for the culvert 
selection and design. The procedure used the same stresses, assessed from 3D-Move 
Analysis software, resulting from the FWD load levels (between 9,000 lb and 27,000 lb). 
SAP2000, a finite element (FE) program, was then used to determine the induced moment, 
shear and axial forces in the culvert members [52]. Readily available sections were checked 
first to judge if failure could be reached at the higher load levels. However, it was 
concluded that these sections were too thick and would not experience any significant 
failure. Consequently, it was decided to build a section with a wall thickness that can 
potentially endure failure at higher load levels. A square cross section was selected since 
it was easier to construct. The size was elected to be 12 inch by 12 inch (outer dimensions) 




thickness of 1 inch. This wall thickness should allow the box culvert to experience some 
damage at higher load levels. The analysis assumed a concrete strength of 4,000 psi. 
6.3.2. Experimental Results and Observations for Flexible Pipe 
In this section, the observations obtained from Experiment No. 5 when the surface loads 
were on the centerline of flexible pipe are presented. One quick and important observation 
made after the conclusion of experiment No. 5 was that the pipe never experienced any 
failure at any surface load level. Although the pipe was expected to yield and experience 
excessive ovality when surface load reached 21,000 lb, the pipe integrity remained 
undamaged even at surface load of 27,000 lb. This observation pointed to the fact that the 
pipe experienced much lower stresses than the computed stresses with 3D-Move Analysis 
software (without any adjustment for vertical stresses). 
6.3.2.1. Comparison of Pressure Cells 
Total earth pressure cells (TEPC) were used to capture the change in stresses due to surface 
loads. In Experiment No. 5, TEPCs were installed at the crown (top) and the invert (bottom) 
of the pipe, using a special mold to adopt to pipe surface. Data obtained from these TEPCs 
were compared to data obtained from TEPCs from Experiment No. 3 installed at the same 
locations and depths. Figure 6.18 shows the measured vertical stresses by the TEPC 
installed at the crown of the pipe in Experiment No. 5 (P10A) when the load was applied 
at the centerline of the pipe (i.e., Location A). As shown in Figure 6.18, the vertical stresses 




continuum medium measured by P10. Thus, it can be concluded that presence of flexible 
pipes affects the vertical stress distribution. 
 
 
Figure 6.18. Measured vertical stresses by P10 in Experiment No. 3 and P10A in 
Experiment No. 5. 
 
Figure 6.19 shows the measured vertical stresses by TEPC installed at the invert of 
the pipe in Experiment No. 5 (P1A) and the TEPC installed at the same depth and location 
in Experiment No. 3 (P1) as function of applied surface load. As shown, there is not much 
change in the stresses due to the presence of the flexible pipe. One possible explanation for 
this observation is that presence of the flexible pipe redistributed the stresses and affected 
the stress flow near and around the pipe. Unfortunately, the TEPC installed on the side of 
the pipe to measure horizontal stresses as well as the strain gages installed on the pipe walls 





























Figure 6.19. Measured vertical stresses by P1 in Experiment No. 3 and P1A in 
Experiment No. 5. 
 
Data from TEPCs was also compared to elastic solution calculated using 
Boussinesq’s equation, which is commonly used in current practice to estimate the increase 
in vertical stress on buried pipes due to surface loads [49,50]. Boussinesq’s equation 
requires an estimate of the depth of soil cover above the pipe ignoring any soil layering 
and the effect of their stiffness in redistributing the stresses. This practice is usually 
acceptable if the soil layers have comparable stiffness. However, in pavement applications, 
the asphalt concrete and crushed aggregate base layers have significantly higher stiffness 
than the subgrade. Thus, two types of calculations were carried out. The first one was 
conducted by ignoring the layering and assuming total cover depth equal to 17 inch (5 inch 
AC, 6 inch CAB, and 6 inch SG). The second calculation used the backcalculated moduli 
of the pavement layers from Experiment No. 3 (i.e., control experiment) along with the 



























pipe against computed stresses using 3D-Move Analysis software and Boussinesq’s 
equation. It can be noted that none of the methods was able to capture the measured vertical 
stresses at the crown of the pipe.  
 
 
Figure 6.20. Comparison between measured and computed stresses at the crown of 
the pipe. 
6.3.2.2. Ovality Check 
Two perpendicular linear variable differential transformers (LVDT) were installed inside 
the pipe to capture the horizontal and vertical deformation (change in pipe diameter). Data 
form the vertical LVDT was used to calculate pipe ovality. Ovality, as defined in section 
6.2.1, is the ratio of vertical deflection in pipe cross section (Δy) to pipe diameter (ODpipe). 
Figure 6.21 shows the vertical and horizontal deflection in pipe cross section for all load 
levels. It is noted that the negative sign indicates that the deflection is inward which means 
































figure, the maximum deflection was about 0.041 inch at a surface load of 26,631 lb. This 
translates to an ovality of 0.34 percent. Using the procedure outlined in previous sections 
to backcalculate the anticipated vertical stress at the crown of the pipe to cause such ovality, 
the result was about 1.3 psi, which is very close to the measured stress and not to any of 
the calculated stresses. Thus, more confidence was gained in the measured values. 
 
 
Figure 6.21. Vertical and horizontal deformations in pipe cross section. 
 
Although a deflection of 0.041 inch is very small and does not indicate any yielding 
in the pipe, a comparison was made between the vertical and horizontal LVDTs to see if 
the pipe deforms elastically. Figure 6.21 also presents the vertical and horizontal 
deformations in pipe cross section as function of surface load levels. As shown, the 
response is exactly the same but in opposite directions yielding to the realization that the 
































6.3.2.3. Other Observations 
Another observation was made when analyzing the stress response obtained from the TEPC 
installed at the crown of the steel pipe (P10A). As the surface load increased, TEPC 
reported a stress response that is out-of-sync with surface loading and unloading. Figure 
6.22 and Figure 6.23 present the TEPC data recorded as function of time in seconds at 
9,000 and 27,000 lb, respectively. As shown in Figure 6.22, TEPC readings are positive, 
which indicate an increase in pressure due to loading. However, Figure 6.23 shows TEPC 
readings that are negative. Since TEPC are measuring the change in stresses from the 
overburden static condition, these readings indicate stresses lower than the overburden 
pressure. This behavior may be attributed to either soil arching or a case where AC and 
CAB layers recovered from the dynamic loads faster than the steel pipe recovered. It should 
be noted that this behavior was not sudden. It started to develop at a surface load of 16,000 
lb and was pronounced when the load increased to 27,000 lb. 
Furthermore, upon examining one cycle of the stress response recorded by P10A 
corresponding to one cycle of surface load of 27,000 lb, an interesting behavior was 
observed. As shown in Figure 6.24, TEPC reported lower vertical stress as the surface 
FWD-type pulse load started to gradually increase. However, as the load continued to 
increase in magnitude, the vertical stress reversed course and started to recover. Once the 
pulse load reached its peak, the vertical stress started to decrease again until the pulse load 
was removed. Once the load was removed, the vertical stress started to slowly recover. 
This behavior is attributed to the soil-structure (pipe) interaction, which requires further 
















Figure 6.24. One cycle of surface pulse load and stress response as recorded from 
P10A. 
6.3.2.4. Assessment of Stress Adjustment Factor (SAFFlexible) 
As discussed in previous section, the presence of flexible pipe buried under a full pavement 
structure will affect the stress distribution. None of the analytical methods were able to 
capture the vertical stress response as recorded by P10A, which was verified by the ovality 
check. Thus, an adjustment factor is needed to modify computed stresses to obtain the 
induced stresses. Since 3D-Move Analysis software can account for the material model for 
AC and CAB layers, and is able to accurately capture the stress response without the 
presence of buried utilities, its computed stresses were used for the determination of the 
Stress Adjustment factor for flexible buried utilities (SAFFlexible). 
Figure 6.25 presents a comparison between measured and 3D-Move Analysis 

















































intercept was imposed on both data sets to compute the slope. While a linear fitting may 
not necessarily fit the measured data, it represents a conservative approach.  
 
 
Figure 6.25. Comparison between measured and 3D-Move Analysis software 
computed stresses at the crown of the pipe. 
 
As indicated from the fitting equations presented in Figure 6.25, 3D-Move Analysis 
software is more likely to estimate the vertical stresses about four times higher than the 
pipe is actually experiencing. Thus an adjustment factor of 0.25 should be expected. 
However, such a huge reduction in stress calculation cannot be recommended based solely 
on one experiment. More experiments are required to backup such a significant reduction. 
Thus it is recommended to retain SAFFlexible to 1. This recommendation is mainly to be on 
the conservative side until further experimental testing and numerical investigations are 




























6.3.3. Experimental Results and Observations for Rigid Culvert 
In this section, the observations obtained from Experiment No. 5 when the surface loads 
were on the centerline of rigid culvert is presented. 
6.3.3.1. Comparison of Pressure Cells 
Figure 6.26 and Figure 6.27 shows the recorded vertical stresses measured by P10B and 
P1B in Experiment No. 5 and P10 and P1 in Experiment No. 3, respectively. All these 
TEPCs were located at the centerline of the surface FWD load. P10B and P10 were 
installed at 6 inch from the subgrade surface, while P1B and P1 were placed at 20 inch 
from the subgrade surface. It is also noted that P10B and P1B in Experiment No. 5 were 
fixed exactly on top and bottom of the concrete culvert, respectively. 
As presented in Figure 6.26, it can be seen that the load-induced vertical stresses in 
Experiment No. 5 measured by P10B is higher than measurements of P10 in Experiment 
No. 3. However, substantially lower measured vertical stresses by P1B compared to the P1 
recordings can be found in Figure 6.27. These observations can be attributed to the soil-
structure interaction and higher rigidity (i.e., stiffness) of concrete culvert with respect to 






Figure 6.26. Measured vertical stresses by P10 in Experiment No. 3 and P10B in 
Experiment No. 5. 
 
 
Figure 6.27. Measured vertical stresses by P1 in Experiment No. 3 and P1B in 



















































Figure 6.28 depicts a comparison between the measured vertical stresses on top of 
the culvert at the centerline of the load (P10B) obtained from Experiment No. 5 and the 
calculated stresses using LRFD method. It is shown that the estimated stresses are 75 
percent, on average, higher than the measured ones. These observations substantiate the 
need to consider AC and CAB layer stiffnesses when distribution of vertical stresses on 
top of culverts is to be determined. It should be noted that the box culvert was buried at the 
17 inch depth from the AC surface. 
 
 
Figure 6.28. Comparison between measured and LRFD estimated vertical stress on 
top of the culvert in Experiment No. 5. 
 
6.3.3.2. Assessment of Stress Adjustment Factor (SAFRigid) 
As mentioned earlier, determination of Stress Adjustment Factor (SAFRigid) is carried out 
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Move Analysis software. The result of these comparison exercises are depicted in Figure 
6.29. The observation of the measured recordings in Figure 6.29 reveals a nonlinear 
behavior with respect to the response of the rigid culvert, which may skew its trend line. 
To eliminate the error due to nonlinearity, the data were limited to a surface load of 21,000 
lb and the corresponding trend lines were used to determine SAFRigid. 
Figure 6.30 presents the trend lines for measured and 3D-Move Analysis software 
calculated vertical stresses for surface load up to 21,000 lb. As shown in this figure, by 
comparing the slope of the trend lines it can be concluded that measured vertical stresses 
on top of the box culvert is about 50 percent higher than those computed by 3D-Move 
Analysis software. According to these observations, SAFRigid equal to 1.5 was 




Figure 6.29. Comparison between measured and 3D-Move Analysis software 




























Figure 6.30. Trend lines for measured and 3D-Move Analysis software calculated 
stresses on top of the culvert for surface load. 
 
6.3.3.3. Structural Adequacy Analysis of Concrete Culvert in Experiment No. 5 
In order to investigate the internal integrity of the buried concrete culvert in Experiment 
No. 5, structural analysis was conducted. Summary of required inputs for this exercise is 
represented in Table 6.4. Figure 6.31 shows the computed stress on top of the concrete 


































Table 6.4. Inputs for Structural Adequacy Analysis of Concrete Culvert in 
Experiment No. 5. 
Properties Value 
AC Unit Weight 150 pcf 
Base Unit Weight 138 pcf 
Subgrade Unit Weight 110 pcf 
Subgrade Angle of Internal Friction 38 degrees 
Top Slab and Bottom Slab Width 12 inch 
Top Slab and Bottom Slab Thickness 1 inch 
Sidewall Height 12 inch 
Sidewall Thickness 1 inch 
Diameter of Longitudinal Reinforcement (All Members) 0.15 inch 
Spacing of Longitudinal Reinforcement (All Members) 4 inch 
Diameter of Shear Reinforcement (All Members) 0.15 inch 
Spacing of Shear Reinforcement (All Members) 4 inch 
Concrete Cover on the Reinforcements (All Members) 0.1 inch 
Compressive Strength Concrete 8,000 psi 
Yield Strength of Reinforcements 80,000 psi 
 
 
Figure 6.31. Computed stress on top of the concrete culvert. 
 
Analyses of flexural strength, shear strength, and axial thrust for the members (i.e., 
top slab, bottom slab, and sidewalls) at different load levels are presented Table 6.5, Table 



























thrust, the concrete culvert is structurally adequate at all FWD load levels. However, at the 
highest FWD surface loading (i.e., 27,000 lb), the maximum induced moment, Mu, in the 
members are higher than their flexural capacity, (i.e., factored flexural resistance, ϕfMn) 
which indicates a possibility of failure. Such an observation is consistent with the nonlinear 
behavior of rigid culvert response which was observed as skewness in the measured vertical 
stress on top of the culvert at the highest FWD load level of 27,000 lb (see Figure 6.29). It 
should be noticed that the concrete culvert was purposely designed in a way to experience 
distress at the high load levels of surface FWD loading. 
 
Table 6.5. Flexural Strength Investigation of Concrete Culvert in Experiment No. 5. 
Member Factored Flexural 
Resistance, ϕfMn 
(lb.inch) 
Maximum Induced Moment, Mu (lb.inch) 
Load Level (lb) 
8,971 11,857 15,860 21,146 27,087 
Top Slab 3,011 1,486 1,791 2,163 2,900 3,832 
Bottom Slab 3,011 1,519 1,824 2,196 2,933 3,865 
Sidewall 3,011 1,531 1,836 2,208 2,945 3,877 
 
Table 6.6. Shear Strength Investigation of Concrete Culvert in Experiment No. 5. 
Member Factored Shear 
Resistance, ϕsVn 
(lb) 
Maximum Induced Shear Force, Vu (lb) 
Load Level (lb) 
8,971 11,857 15,860 21,146 27,087 
Top Slab 6,358 987 1,191 1,439 1,930 2,551 
Bottom Slab 6,358 1,007 1,211 1,459 1,950 2,571 
Sidewall 6,358 512 614 738 983 1,294 
 





Maximum Axial Thrust, Pu (lb) 
Load Level (lb) 
8,971 11,857 15,860 21,146 27,087 
Top Slab 7,535 497 599 723 968 1,280 
Bottom Slab 7,535 512 614 738 983 1,295 




6.4. Overall Summary 
Developing a methodology to reliably analyze the risk against buried structures due to SHL 
movement on flexible pavements is one of the major components of this study. The 
methodology adopted in this study was based on widely-accepted and available buried 
utility (flexible and rigid) design procedures.  
For flexible pipes, a hybrid step-by-step evaluation procedure provided in 
American Lifelines Alliance (ALA) and Canadian Energy Pipeline Association (CEPA) 
reports was implemented in this study. The procedure is divided into four general checks: 
(1) Assess factor of safety against pipe circumferential stress failure; (2) Check ovality of 
pipe cross section; (3) Check ring buckling stress, and (4) Check wall crushing stress. On 
the other hand, in the case of rigid concrete culvert, the stability is investigated by analyzing 
the flexural strength, shear strength, and axial thrust in the culvert members (i.e., top slab, 
bottom slab, and sidewalls) in accordance with AASHTO LRFD Bridge Design 
Specifications. 
However, fair assessment of the induced stresses from dead (i.e., surcharge) and 
live (SHL vehicle) loads is required in order to reliably analyze the internal integrity of a 
buried utility. Though the existing state-of-practice methodologies provide 
recommendations with respect to the load distribution, they are limited when assessing the 
risk of buried utilities under a SHL vehicle move. Considering only standard truck (mostly 
HS20) as live load and simulating it even as a point load, or as rectangular loaded area 
which is statically applied directly at the surface of unpaved roads (i.e., neglecting the AC 




Therefore, adoption of 3D-Move Analysis software model was seen to be 
noteworthy because of its merits to realistically simulate pavement structure and SHL 
vehicle (e.g., viscoelastic properties of the AC layer, moving load, etc.). However, this 
software assumes uniform layers extending laterally to infinity without considering the role 
of soil-structure interaction and discontinuities within the medium (i.e., existence of buried 
utilities). To overcome this issue, a Stress Adjustment Factor (SAFUtility) is needed to 
modify the stresses computed using 3D-Move Analysis software at the location of the 
buried utility. 
In this study, stress adjustment factors for flexible pipe and rigid concrete culvert 
(SAFFlexible and SAFRigid) were determined based on the results obtained from two full-scale 
pavement structure experiments (with and without buried utilities). The control experiment 
represented a full pavement structure without any cavities (i.e., no buried utilities) 
subjected to surface FWD loads at different intensities. A similar pavement structure with 
two types of buried utilities installed in the subgrade was subjected to the same surface 
FWD loads applied directly above the centerlines of the buried utilities. 
It was found that the vertical stresses experienced by the flexible pipe were much 
lower than those stresses transferred in the continuum medium (i.e., no buried utility). On 
the other hand, in the case of concrete culvert, substantially higher vertical stresses were 
induced, compared to those measured in the subgrade in the control experiment (i.e., no 
buried utility). In summary, it was recommended to retain SAFFlexible for flexible pipes to 
1. This recommendation is mainly to be on the conservative side until further experimental 
testing and numerical investigations are carried out. However, in the matter of rigid 




It should be mentioned that further investigation by conducting complementary 
experiments and additional numerical analyses are recommended. Such analyses should 
consider various scenarios of flexible pavement structures, depth of cover, buried utility 
dimensions and characteristics, etc. to cover other cases that were not considered as part of 






CHAPTER 7. SERVICE LIMIT ANALYSES 
As mentioned in Chapter 1 and Chapter 5, Superheavy load (SHL) components are much 
larger in size and weight and they often require specialized trailers and hauling units. These 
loads may sometimes approach to few million pounds. Such a non-standard heavy loading 
at the pavement surface can render a critical condition (distress modes) of instantaneous 
ultimate shear failure, localized shear failure, or excessive surface deflection. 
As presented in Chapter 5, ultimate failure analyses is an essential first step to 
evaluate the risk of instantaneous shear failure in the pavement subgrade subjected to SHL 
movement. Ultimate failure analyses include the investigation of the subgrade bearing 
failure as well as sloped shoulder failure. 
The service limit analyses include localized shear failure analysis and deflection-
based service limit analysis. The localized shear failure analysis investigates the likelihood 
of localized failure (yield) at the critical location on top of the subgrade layer under the 
SHL vehicle. On the other hand, deflection-based service limit analysis assesses the 
magnitude of the load-induced pavement deflections during the SHL movement. This 
chapter presents the analyses for service limit investigation in flexible pavement under 
SHL vehicle move. 
Once bearing capacity investigation confirms the adequacy of pavement structure 
to withstand the general shear failure, the possibility for localized shear failure needs to be 
evaluated. Such analysis is conducted by computing the load-induced stress level on top of 
subgrade layer. Stress level higher than subgrade failure criterion indicates likelihood of 




While shear analyses (i.e., ultimate and localized) are viewed as a check for failure 
condition, they do not provide any information regarding surface displacement (i.e., 
deflection) under SHL movement. In other words, though the shear failure analyses may 
exhibit that the pavement structure is capable to sustain the SHL movement without 
experiencing any shear failure, excessive surface deflections resulting from SHL vehicle 
loading can give rise to the rapid deterioration of pavement structure and development of 
premature surface distresses, (e.g., permanent deformation). Accordingly, the SHL 
vehicle-induced surface deflection should be limited to an allowable surface deflection. If 
this analysis, which is referred to as deflection-based service limit analysis, reveals 
excessive load-induced surface displacement, mitigation strategies might be required.  
7.1. Localized Shear Failure Analysis 
As previously stated, ultimate failure analyses are essential first steps for evaluating the 
risk of shear failure in the pavement subgrade subjected to SHL movement which were 
elaborated in Chapter 5. Once these analyses confirm the bearing capacity adequacy of the 
pavement structure, the likelihood of onset of yielding in subgrade layer due to localized 
shear failure needs to be examined. The focus is given to the substantial load-induced state 
of stress developed in the pavement structure which might reach close to the failure state. 
In this study, the localized shear failure analysis focuses on subgrade layer which typically 
represent the most vulnerable pavement layer with lowest strength. 
Numerous failure criteria such as Mohr-Coulomb, Drucker-Prager, Lade–Duncan, 
Matsuoka–Nakai, etc. have been proposed for evaluating the yielding (i.e., failure) of soil 




parameters of material (Angle of internal friction, ϕ and cohesion, c) is one of the well-
accepted criteria in soil plasticity. Equation 7.1 represents the Drucker–Prager yield 
criterion, where q is the deviator stress, p is the mean normal stress, and ξ and κ are positive 
material parameters. As presented in Figure 7.1, The Drucker–Prager yield criterion 
includes the Mohr-Coulomb criterion for 3D stress states. 
 
𝑞 − 𝜉𝑝 − 𝜅 =  0 Equation 7.1 
 
 
Figure 7.1. The Drucker–Prager and Coulomb yield surfaces. 
 
The parameters ξ and κ is expressed in terms of the shear strength parameters (ϕ 
and c) as expressed in Equation 7.2 and Equation 7.3. In addition, the deviator stress (i.e., 
q) and the mean normal stress (i.e., p) can be written as a function of the second invariant 
of the deviator stress tensor Ī2D and the first invariant of the stress tensor I1 (see Equation 
7.4 and Equation 7.5).  
The Drucker-Prager failure criterion is a straight line on the q versus p plot. Figure 
7.2 shows the Drucker-Prager failure envelope in q-p space. As presented in this figure, at 




ratio between the deviator stress at failure (qfailure) and the induced deviator stress (qapllied). 
FOS is an indication of how far the stress state is from the failure envelope which is 
determined using Equation 7.6 while qfailure is determined from the Drucker-Prager failure 
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 Equation 7.7 
 
For conventional triaxial test, values of deviator stress (q) and mean normal stress 
(p) are directly measured. On the other hand, the SHL vehicle-induced mean normal and 
deviator stresses (i.e., papllied and qapllied, respectively) can be determined by transforming 
the computed stress tensors (σij) to the equivalent triaxial testing condition. This can be 
done since the q and p can be written as a function of the stress invariants (see Equation 
7.4 and Equation 7.5). Subsequently, FOS against localized shear failure for the pavement 
structure subjected to the SHL vehicle is determined. The following steps outline the 
proposed approach. 
 Step 1: The identified Nucleus of SHL axle configuration and the representative 
moduli for the pavement layers are used to calculate the stress tensor, σij, at the 
critical locations at the subgrade surface where there exists a higher possibility for 
localized shear failure. Discussion regarding the selection of critical locations is 
provided subsequently. It should be noted that for the SHL vehicles consisted of 
two or more axle groups, the critical axle group which its Nucleus induces the 
highest vertical stress at top SG layer is selected for consideration in this analysis. 
The procedures to determine the Nucleus of SHL axle configuration and the 





 Step 2: The calculated load-induced stress tensor (σij) at the critical locations (i.e., 
top of subgrade) are “transformed” into an equivalent stresses in laboratory triaxial 
testing conditions by the use of stress invariants, in a way similar to previous studies 
[20,21,22]. The octahedral normal (oct) and shear (oct) stresses, which are 
invariants, are used to calculate load induced mean and deviator normal stresses 
(i.e., papllied and qapllied, respectively) using the following Equation 7.8 to Equation 
7.11. In these equations, 1, 2, and 3 are the load-induced major, intermediate, 










√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 Equation 7.9 
 





|𝜏𝑜𝑐𝑡| Equation 7.11 
 
 Step 3: Knowing the shear strength parameters of subgrade layer and computed 
papplied and qapplied, the FOS against localized shear failure is calculated by the FOS 
equation expressed in Equation 7.7. A FOS less than 1 indicates the failure at the 
location under consideration. 
It is known that in a triaxial testing set-up, decreasing the confining stress and/or 




However, in the case of moving load the stress tensor varies in the elements present within 
the domain. Therefore, the highest possibility for the localized shear failure (i.e., lowest 
FOS) is at the elements where the lowest confining stress and highest deviator stress are 
induced. In the case of SHL movement, the elements at the middle of the Nucleus where 
the vertical stress reaches to the maximum can be considered as one critical location. On 
the other hand, since the elements at the edge of the Nucleus experience the lowest 
confining stress, this element is also prone for shear failure.  
Figure 7.3 shows the three-dimensional surface plot for FOS determined at the 
subgrade of pavement structure in case No. LA-8T-14. SHL vehicle configuration, 
pavement structure and material properties are presented in Chapter 2. This figure implies 
that minimum FOS (i.e., highest possibility for localized shear failure) is at the edge of 
SHL Nucleus. It should be mentioned that 3D-Move ENHANCED which is incorporated 
in the SuperPACK is capable providing three-dimensional surface plot at any depth of 





Figure 7.3. FOS under SHL Nucleus. 
 
7.2. Deflection-Based Service Limit Analysis 
As discussed earlier, the failure analyses investigate the likelihood of shear failure in the 
pavement subgrade, in a global and localized manner. The results of these analyses reveal 
that whether the pavement structure is capable of withstanding the SHL vehicle loading 
without experiencing shear failure. 
However, pavement structure might encounter an excessive surface deflection 
under SHL truck which can eventually lead to the development of premature surface 
distresses and rapid deterioration. In order to prevent this, the SHL vehicle-induced surface 
deflection (δSHL) should be determined and limited to an allowable surface displacement. 
In the proposed deflection-based service limit analysis, an equivalent Falling Weight 





















equal to δSHL is determined. In other words, the equivalency is established between the 
SHL vehicle load and a FWD load level (i.e., FWDequiv) based on the same induced surface 
deflection. Subsequently, FWDequiv is compared with the allowable FWD load level 
(FWDallow). The FWDequiv higher than FWDallow (i.e., SHL vehicle-induced surface 
deflection is in excess of allowable surface deflection) indicates a need for mitigation 
strategies. The following details the steps associated with the deflection-based service limit 
analysis. It should be noticed that FWD data at multiple load levels (e.g., 9,000; 12,000; 
16,000; 21,000; and 27,000 lb) are necessary inputs for this analysis. 
7.2.1. Determination of Equivalent FWD Load Level (FWDequiv) 
In order to determine the FWDequiv, following steps are followed.  
 Step 1: The identified Nucleus of SHL axle configuration and the representative 
moduli for the pavement layers are used to calculate the maximum induced surface 
deflection (δSHL). It should be mentioned that approach to determine the Nucleus of 
SHL axle configuration and the representative moduli for the pavement layers are 
elaborated in Appendix B and Appendix C. 
 Step 2: The FWD load-deflection curve is developed using the load and center 
deflection (D0) measurements at multiple FWD load levels (see Figure 7.4). 
However, the AC layer temperature at the time of SHL move may be different from 
the time of FWD testing. Therefore, measured D0 need to be adjusted based on the 
analysis temperature (i.e., AC temperature at the time of SHL move). To 
accomplish this, the AC layer stiffness at the analysis temperature is determined 




loading frequency. Details to stablish the “field damaged dynamic modulus master 
curve” characterizing the existing AC layer are presented in Chapter 3. 
Accordingly, surface deflections at different FWD load levels are calculated using 
the determined AC layer stiffness (i.e., temperature adjusted) and along with 
backcalculated resilient moduli of the unbound layers at the corresponding FWD 
load. To this end, static loading condition in 3D-Move analysis software is 
employed. 
 Step 3: Using the calculated δSHL and developed FWD load-deflection curve from 
Step 2, FWDequiv which is FWD load level equivalent to SHL vehicle load is 
identified, as illustrated in Figure 7.4. 
 
 








































7.2.2. Determination of Allowable FWD Load Level (FWDallow) 
Previous studies reported that permanent deformation potential of unbound materials (i.e., 
crushed aggregate base and subgrade) could be reasonably assessed by means of the shear 
stress ratio (SSR) concept [54,55,56,57]. In other words, a limiting value of SSR can be 
used as a control to the permanent deformation in the unbound materials. As presented in 
Equation 7.12 and Figure 7.5, the SSR is defined as the ratio between applied (mobilized) 





 Equation 7.12 
 
Using Mohr- Coulomb yield criteria, τmobilized and τmax can be written as a function 
of shear strength parameters (ϕ and c), as shown in Equation 7.13 and Equation 7.14, 
respectively. In these equations, σd is the deviator stress and σc is the confining stress. 
 
 

















) tan(𝜙) + 𝑐 Equation 7.14 
 
It has been reported that when unbound materials experience SSR values higher 
than 0.7, high permanent strain accumulates in the materials, eventually resulting in 
permanent deformation [54,55,56,57]. In this study, the concept of shear stress ratio (SSR) 
was employed to determine the FWDallow. The FWD load level that induces SSR value 
equal to 0.7 in the pavement subgrade layer (top of subgrade) is specified as FWDallow. 
Following steps are followed to determine FWDallow. 
 Step 1: The AC layer stiffness at the analysis temperature predetermined using 
“field damaged dynamic modulus master curve” along with the backcalculated 
resilient moduli of the unbound layers at multiple FWD load levels are employed 
to calculate the stress tensor, σij. Here, the point of interest is located below the 
center of simulated FWD loading plate on top of subgrade. 
 Step 2: The load-induced stress tensors (σij) from Step 1 are “transformed” into an 
equivalent stresses in laboratory triaxial testing conditions by the use of stress 
invariants (see Equation 7.8 and Equation 7.9). Corresponding triaxial σd and σc are 










σc = σoct −
σd
3
 Equation 7.16 
 
 Step 3: The value of τmobilized and τmax at the FWD load levels under considerations 
are subsequently determined, knowing the computed FWD-induced σd and σc from 
Step 2. 
 Step 4: The FWD load-SSR curve representing the SSR values at multiple FWD 
load level is established so that the FWD load level (FWDallow) corresponding to 
SSR value equal to 0.7 can be identified, as illustrated in Figure 7.6. 
 
 























7.3. Overall Summary 
Superheavy load (SHL) components are much larger in size and weight and they often 
require specialized trailers and hauling units. These loads may sometimes approach to few 
million pounds. Such a non-standard heavy loading at the pavement surface can render a 
critical condition (distress modes) of instantaneous ultimate shear failure, localized shear 
failure, or excessive surface deflection. 
Once bearing capacity investigation confirms the adequacy of pavement structure 
to withstand the general shear failure, the likelihood of onset of yielding in subgrade layer 
due to localized shear failure is examined. In the localized shear failure investigation, the 
concern is the substantially higher SHL load-induced state of stresses developed on top of 
the subgrade might approach the failure state. Drucker-Prager failure criterion is used to 
evaluate the risk against localized shear failure by examining the stress level on top of 
subgrade using (q, p) plot. 
Though the shear failure analyses may exhibit that the pavement structure is 
capable to sustain the SHL movement without experiencing any shear failure, it might 
encounter an excessive surface deflection under SHL truck which can eventually lead to 
the development of premature surface distresses and rapid deterioration. To avoid this, the 
SHL vehicle-induced surface deflection (δSHL) is limited to an allowable surface deflection. 
In deflection-based service limit analysis, an equivalent FWD load level (FWDequiv) which 
generates surface center deflection (D0) equal to δSHL is determined. Subsequently, 
FWDequiv is compared with the allowable FWD load level (FWDallow). The FWDequiv higher 
than FWDallow indicates that the SHL vehicle-induced surface deflections that are in excess 




needed at any stage of the evaluation process when the calculated results fail to meet the 






CHAPTER 8. SHL CASE STUDIES 
In order to demonstrate the developed methodology to evaluate SHL movements on 
flexible pavement, two SHL vehicle configurations permitted by Louisiana Department of 
Transportation and Development (LaDOTD) were investigated. The pavement structure 
along the two vehicles’ route was assumed to be the same as the one available at the APT 
facility in LanammeUCR. For this flexible pavement structure, supplementary laboratory 
test results as well as FWD measurements were available. In this chapter, the analyses steps 
as well as a summary of the analysis results associated with the developed procedures are 
provided. 
8.1. SHL Analysis Vehicles Configurations 
The axle and tire configurations for the two SHL vehicle cases under consideration (LA-
12T-16 and LA-8T-14) are summarized in Table 2.1. The original permits for LA-12T-16 
and LA-8T-14 moves are represented in Figure 8.1 and Figure 8.2, respectively. The LA-
12T-16 SHL vehicle consisted of 4 identical dollies while the spacing between the dollies 
are about 38 ft. On the other hand, LA-8T-14 SHL vehicle consisted of 28 similar axles 
that are uniformly distributed at a spacing of 4 ft and 9 1/16 inch along the entire length of 
SHL vehicle. A vehicle traveling speed of 10 mph was assumed for both cases. 
 

















(ft) (inch) (ft) (inch) 
LA-12T-16 1,754,220 24 12 17 5 13/16 4 9 1/16 6,164 














8.2. Pavement Structure and Material Properties 
The thickness of the LanammeUCR pavement layers which were used in this exercise is 
shown in Table 8.2. The viscoelastic properties of the AC layer, characterized using the 
dynamic modulus (E*) laboratory data as a function of temperature and frequency, are 
presented in Table 8.3 and Table 8.4. It should be noted that dynamic modulus tests were 
conducted on the field-mixed laboratory-compacted specimens that are assumed to be 
representative of the AC layer properties at the time of SHL movements. Knowing that the 
viscosity grading of the asphalt binder in the AC mixture was AC30, the viscostiy-
temperature susceptibility parameters (i.e., A and VTS) equal to 10.6316 and -3.548 were 
assumed, respectively. 
 
Table 8.2. Flexible Pavement Structure. 
Layer Thickness (inch) 
Asphalt Concrete Unbound Crushed 
Aggregate Base 
Unbound Subbase Subgrade (SG) 
5.0 9.5 12.0 72.0 
 
Table 8.3. Dynamic Modulus Values for the AC layer. 
Temperature 
(°F) 
Dynamic Modulus, E* (psi) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 1,176,000 1,514,000 1,670,000 2,027,000 2,186,000 2,398,000 
70 312,800 510,800 614,300 910,000 1,057,000 1,263,000 
100 57,600 117,800 15,4100 290,600 365,200 487,000 
130 11,600 20,700 27,800 63,900 90,400 140,000 
 
Table 8.4. Phase Angle Values for the AC layer. 
Temperature 
(°F) 
Phase Angle (Degrees) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 16.75 13.51 12.36 10.15 9.4 8.53 
70 30.76 27.04 25.63 21.37 19.75 17.76 
100 33.75 34.45 34.93 32.39 31.43 29.73 






The backcalculated moduli of unbound materials using the available FWD 
measurements immediately collected after construction were utilized in this exercise. 
Figure 8.3 depicts the deflection measurements (i.e., deflection basins) at three target FWD 
load levels of 9,000; 12,000; and 16,000 lb. It should be noticed, during the assessment of 
the developed methodology, FWD measurements at higher load levels were needed for 
given pavement structures to generate state of stresses comparable to those induced under 
a SHL vehicle. 
 
 
Figure 8.3. Vertical and horizontal deformations in pipe cross section. 
 
To undertake the backcalculation process, BAKFAA open source software was 
utilized [6]. Repeated attempts at the backcalculation process with many controls on the 
variability of the elastic moduli values revealed that the subgrade layer should be 


























Load Level = 9,000 pound
Load Level = 12,000 pound




Accordingly, the depth to the apparent rigid layer equal to 60 inch was determined. The 
results of backcalculation exercise are summarized in Table 8.5. It should be noted that the 
AC layer temperature at the time of FWD testing was about 75 degrees Fahrenheit. A 
similar AC temperature was also assumed to be present at the time of SHL movement (i.e., 
analysis temperature). 
As shown in Table 8.5, the backcalculated moduli values for CAB and subbase do 
not exhibit significant load level dependency. Therefore, uniform moduli equal to 21,500 
and 13,500 psi were assumed for CAB and subbase, respectively. However, in the case of 
SG layer, the backcalculated modulus of the top sublayer was assumed to be load 
dependent. Accordingly, MR relationship as a function of stress states was developed which 
is expressed in Equation 8.1; where  is the bulk stress and d is the deviator stress. 
 
Table 8.5. Backcalculated Moduli at Different Load Levels. 
FWD Load 
Level (lb) 















9,001 603,734 21,397 14,547 11,677 30,000 
11,733 588,853 21,777 12,988 10,211 30,000 




−0.98 Equation 8.1 
 
The FWD measurements in conjunction with the developed FWD-based procedure 
were used to estimate the shear strength parameters ( and c) of the subgrade layer. 
Consequently, ϕ equal to 10 and c equal to 4.3 psi were estimated. It should be noted that 




equal to 7 and c equal to 3.9 psi. It should be mentioned that the highest induced deviator 
stress level in the subgrade which was induced by the FWD load level of 15,260 lb is about 
40 percent of the estimated deviator stress at failure (σdf). Even though the induced stress 
level is higher than the recommended value of 30 percent (see Chapter 4), for better 
estimation of subgrade’s shear strength parameters, additional FWD measurements at the 
higher load levels are recommended. 
8.3. Axle Grouping and Nucleus of Axle Group 
As mentioned earlier, LA-12T-16 SHL vehicle consisted of four individual dollies with 
similar axles and tires configurations and it is modelled as having four individual axle 
groups. Therefore, there is a single Nucleus for each of the four axle groups. As illustrated 
in Figure 8.4 and Figure 8.5, in both cases, the Nucleus consisted of two additional tires in 
travel direction (x direction) and three tires in transverse direction (y direction). 
Subsequently, using the iterative process and knowing the MR relationship for SG layer and 
the Nucleus for each SHL vehicle, representative SG moduli equal to 10,153 and 12,318 
psi were determined for LA-12T-16 and LA-8T-14, respectively. 
8.4. Ultimate Failure Analyses under SHL Vehicles 
8.4.1. Subgrade Bearing Failure Analysis 
The bearing capacity analysis investigates the likelihood of shear failure in pavement 




subgrade where maximum vertical stress equal to 10.9 and 12.6 psi were computed for LA-
12T-16 and LA-8T-14, respectively. 
 
 
Figure 8.4. Representative Nucleus: LA-12T-16 SHL vehicle. 
 
 





Figure 8.6. Stress distribution on top of subgrade: LA-12T-16 SHL Vehicle. 
 
 



























































Using the stress distribution surface plots, qave equal to 10.5 psi and 11.0 psi were 
computed for LA-12T-16 and LA-8T-14, respectively. Meyerhof’s general bearing 
capacity equation was used to estimate the bearing capacity of the SG soil. For the LA-
12T-16 SHL vehicle, the bearing capacity investigation zone was for one of the four axle 
groups since the axle groups were identical. The ultimate bearing capacity, qu, was found 
to be 104 psi. Knowing that the average stress value, qave, is 10.5 psi, the factor of safety 
against bearing capacity failure is 10. For LA-8T-14 SHL case, the bearing capacity 
investigation zone was the entire SHL vehicle since it represents one axle group. The 
ultimate bearing capacity, qu, was found to be 260 psi. Knowing that the average stress 
value, qave, is 11 psi, the factor of safety against bearing capacity failure was in excess of 
23. It should be noted that the bearing capacity equation is a function of the dimensions of 
the bearing capacity investigation zone. Hence, the ultimate bearing capacity under the 
heavier LA-8T-14 SHL vehicle with a larger length was higher than the LA-12T-16 SHL 
vehicle. 
8.4.2. Sloped Shoulder Failure Analysis under LA-8T-14 
The sloped shoulder analysis using Wedge Method was undertaken for the SHL vehicle 
LA-8T-14, traveling on the selected pavement structure that includes a side slope of 1:1.5 
(33.7 degrees with the horizontal). As shown in Figure 8.8, the pavement layers are 
assumed to extend into the shoulder. In addition, the clearance between the edge of the 







Figure 8.8. Pavement structure with sloped pavement shoulder, side slope of 
 
The results of the performed analysis revealed that the horizontal deriving forces 
acting on the vertical plane which is a summation of the lateral earth pressure from adjacent 
soil (Q) and the resultant horizontal force due to surcharge SHL vehicle (P) is negative. 
This is attributed to the cohesion of subgrade when it is considered in the Rankine active 
pressure. Accordingly, it can be concluded that the disturbing force due to SHL vehicle 
load is negligible and thus the sloped shoulder is deemed safe subjected to the SHL vehicle 
loading under consideration. 
8.5. Ultimate Failure Analyses under SHL Vehicles 
Buried utility analysis was conducted for a rigid concrete culvert, assuming that it is buried 
in the SG layer, (see Figure 8.9) while the LA-8T-14 SHL vehicle is considered. In order 
to investigate the internal integrity of the buried culvert, structural analysis using the inputs 




of 18 psi on top of the concrete culvert was determined. This is calculated based on the 
maximum vertical load-induced stress computed using 3D-Move Analysis software and 
the SAFRigid of 1.5. 
The analyses of flexural strength, shear strength, and axial thrust for the culvert’s 
members (i.e., top slab, bottom slab, and sidewalls) are summarized in Table 8.7. It can be 
seen that, in terms of shear strength and axial thrust, the concrete culvert is structurally 
adequate to withstand the load induced stresses. However, the maximum induced moment 
in the sidewalls are higher than the corresponding flexural capacity indicating a possibility 
of failure. Therefore, mitigation strategies are warranted. 
 
 




𝑺𝑨𝑭𝑹𝒊𝒈𝒊𝒅(𝝈𝒛𝒛−𝟑𝑫−𝑴𝒐𝒗𝒆) = 𝟏𝟖⁡𝒑𝒔𝒊 
SG Layer 
CAB Layer, 9.5 inch 
AC Layer, 5 inch 
6 inch 





Table 8.6. Inputs for Structural Adequacy Analysis of Concrete Culvert. 
Properties Value 
AC Unit Weight 150 pcf 
Base Unit Weight 138 pcf 
Subbase Unit Weight 120 pcf 
Subgrade Unit Weight 110 pcf 
Subgrade Angle of Internal Friction 10 degrees 
Top Slab and Bottom Slab Width 12 inch 
Top Slab and Bottom Slab Thickness 1 inch 
Sidewall Height 12 inch 
Sidewall Thickness 1 inch 
Diameter of Longitudinal Reinforcement (All Members) 0.15 inch 
Spacing of Longitudinal Reinforcement (All Members) 4 inch 
Diameter of Shear Reinforcement (All Members) 0.15 inch 
Spacing of Shear Reinforcement (All Members) 4 inch 
Concrete Cover on the Reinforcements (All Members) 0.1 inch 
Compressive Strength Concrete 8,000 psi 
Yield Strength of Reinforcements 80,000 psi 
 
Table 8.7. Risk Analysis against Buried Utility: SHL Vehicle LA-8T-14. 




































Top Slab 3,011 2,706 6,358 1,476 7,535 1,227 
Bottom 
Slab 
3,011 2,741 6,358 1,496 7,535 1,249 
Sidewall 3,011 3,731* 6,358 1,248 7,535 1,496 







8.1. Service Limit Analyses under SHL Vehicles 
8.1.1. Localized Shear Failure Analysis under SHL Vehicles 
In the localized shear failure investigation, the focus is given to the possibility of failure on 
top of subgrade. Figure 8.10 and Figure 8.11 display surface plots of FOS against localized 
shear failure on top of the subgrade for LA-12T-16 and LA-8T-14, respectively. 
Correspondingly, a minimum FOS of 2.0 and 1.6 was determined for the SHL vehicles. 
While the FOS against ultimate bearing capacity failure was found to be higher for LA-
8T-14 (section 4.4.1), its lower determined FOS against localized shear failure is mainly 
attributed to the difference in the characteristics of the induced stress distributions on top 
of the subgrade (deviator and confining stress components).  
 
 






















Figure 8.11. FOS against localized shear failure: LA-8T-14 SHL Vehicle. 
8.1.2. Deflection-Based Service Limit Analysis 
The focus of the deflection-based service limit analysis is to avoid excessive surface 
deflections under the SHL analysis vehicle moves. This is achieved by checking the SHL 
vehicle-induced deflections against a certain allowable surface defection. As shown in 
Figure 8.12 and Figure 8.13, maximum surface deflections (δSHL) of 69.6 and 86.0 mils 






















Figure 8.12. Induced surface deflection: LA-12T-16 SHL Vehicle. 
 
 





























































In order to determine the equivalent FWD load level (FWDequiv) that generates a 
surface center deflection (D0) equal to δSHL, the FWD load-deflection curve was developed 
using 3D-Move Analysis software (see Figure 8.14). It should be noted that the analysis 
temperature of 75 degrees Fahrenheit was assumed to be equal to the AC layer temperature 
at the time of FWD testing. However, the measured FWD center deflection (D0) of 32 mils 
at the highest load level (about 16,000 lb) was lower than the calculated δSHL values of 69.6 
and 86 mils under the SHL vehicles. To extend the FWD deflections beyond the measured 
values, higher FWD load levels (beyond 16,000 lb) were considered in the 3D-Move 
Analysis software analysis. In these calculations, the backcalculated moduli of the 
pavement layers were used. The modulus of the top SG layer for each load level under 
consideration was iteratively estimated knowing the MR relationship in Equation 8.1. As 
shown in Figure 8.14, FWDequiv equal to 31,000 and 37,500 lb for LA-12T-16 and LA-8T-
14 were determined, respectively. These FWD load levels correspond to the determined 
δSHL of 69.6 and 86.0 mils that were induced by SHL vehicles. 
Similar steps were undertaken to determine the surface deflection under a typical 
18-wheel truck with GVW of 80,000 lb, one steering axle weighing 12,000 lb and two 
tandem axles each weighing 34,000 lb. Accordingly, a maximum surface deflection equal 
to 14.3 mils was determined under the tandem axle using 3D-Move Analysis software. As 
depicted in Figure 8.14, this surface deflection corresponds to an equivalent FWD load 
level of 8,000 lb. 
Using the FWD load-SSR curve (see Figure 8.15), an allowable FWD load level 
(FWDallow) of 26,000 lb corresponding to SSR of 0.7 was determined. The determined 




accumulation of unacceptable levels of permanent surface deformation. These observations 
reveal that mitigation strategies are warranted for both of the SHL analysis vehicles. 
 
 
Figure 8.14. Developed FWD load-deflection curve. 
 
 
Figure 8.15. Developed FWD load-SSR curve.  
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CHAPTER 9. SUMMARY, CONCLUSION 
The need to move SHL vehicles on nation’s highway has become more common during 
the past decades. Many of such superheavy components are very large in size and weight, 
often requiring specialized trailers and hauling units. The SHL vehicles are mostly 
oversized and exceed legal gross vehicle weight (GVW), axle loads and tire loads limits 
warranting the need for single-trip permits. Accordingly, a full pavement analysis is needed 
to assure that the pavement is structurally adequate to sustain the superheavy load 
movement. In such circumstances, the evaluation of SHL movements on flexible 
pavements should be cognizant of the following important factors: 
 Non-conventional SHL vehicle axle and tire loadings and configurations; 
 Slow-moving nature of SHL vehicle in relation to viscoelastic properties of AC 
layer; 
 Role of higher magnitude stress states induced by a SHL vehicle move on stress-
dependent behavior of unbound materials; 
 Likelihood of ultimate and localized shear failure in the influenced zone of the 
subgrade layer; 
 Likelihood of excessive pavement surface deflections; 
 Role of SHL vehicle move on the stability of a sloped pavement shoulder; 
 Impact of SHL vehicle on the integrity of existing buried utilities; and  
 Pavement damage associated costs attributable to SHL vehicle move. 
A comprehensive mechanistic-based analysis methodology seeking to address the 




general, the methodology consists of the following four major components: Ultimate 
Failure Analyses, Buried Utility Risk Analysis, Service Limit Analyses, and Cost 
Allocation Analysis. It should be noted that mitigation strategies to attenuate the SHL 
induced distresses and damage may be needed at any stage of the evaluation process when 
the analysis results fail to meet the imposed respective requirements.  
One of the major tasks in this study was to estimate pavement responses (i.e., stress, 
strain, and deflections) under SHL vehicle moves. Focus is to be given to understanding 
the role of governing factors such as non-standard vehicle loading (e.g., tire configuration, 
tire loading and inflation pressure), lower SHL vehicle speed compared to normal truck, 
and pavement layer material properties that are consistent with SHL loading.  
To model SHL vehicle moves on flexible pavements while considering the non-
standard axle and tire configurations, a novel approach to identify element(s) of the SHL 
configuration that can be regarded as representative of the entire SHL vehicle (referred to 
as Nucleus) was presented. The vertical stress distribution (or any other pavement 
response) under the entire SHL configuration can be estimated by superimposing the 
stresses calculated under the Nucleus, hence eliminating the need to model the entire SHL.  
A critical input for the analysis of a SHL vehicle move when using numerical 
models is the material properties of the existing pavement layers. These properties should 
appropriately represent the characteristics of the materials that exist at the time of the SHL 
movement. The role of lower SHL vehicle speed in the pavement analysis was addressed 
using the dynamic modulus master curve for the exiting AC layer. An approach to estimate 
“field damaged dynamic modulus master curve” that considers the reduction in the AC 




the CAB and SG, is affected by the load induced stresses. The FWD backcalculated moduli 
for unbound materials can be viewed as a representative stiffness in the pavement analysis 
when a standard truck traffic is of concern. However, in the case of a SHL vehicle, higher 
state of stresses compared to those observed under a common FWD load level are expected. 
Consequently, the FWD-based backcalculated modulus of an unbound layer may not 
represent the stiffness of the layer expected under a SHL vehicle move. Accordingly, an 
iterative approach incorporating nonlinear stress-dependent MR relationship and the 
existing state of stresses in the unbound layers was employed in this study. 
The shear strength parameters (angle of internal friction, ϕ, and cohesion, c) of the 
subgrade layer contained within the loaded influence zone (i.e., contributing pavement 
subgrade layer) are necessary inputs for assessing the risk of instantaneous shear failure 
under SHL movement of flexible pavements. These subgrade shear strength parameters are 
also critical inputs for the stability analysis of a sloped pavement shoulder under a SHL 
movement. In this study, a novel methodology to estimate in-situ shear strength parameters 
of pavement subgrade layer based on non-destructive FWD testing undertaken at multiple 
load levels has been developed. The validity of the developed approach was explored using 
numerical simulation of FWD measurements and FWD data collected from large-scale 
experiments on full-scale pavement structures as well as Accelerated Pavement Testing 
(APT) facilities. Variety of unpaved and paved pavement structures were utilized in the 
verification process. 
The SHL vehicle can render a critical condition (distress modes) of instantaneous 
ultimate shear failure, localized shear failure, or excessive surface deflection. In order to 




equation was used. The distributed vertical stresses on the top of subgrade induced by SHL 
vehicle in comparison with the bearing capacity of subgrade layer was used to identify the 
possibility of ultimate shear failure in the pavement structure. The ultimate failure analysis 
focused on the subgrade layer as it is generally the weakest layer in pavement structures. 
It should be noted that a modified bearing capacity approach was applied in the case of 
sloping pavement shoulder. 
Once bearing capacity investigation confirms the adequacy of pavement structure 
to withstand the general shear failure, the possibility for localized shear failure needs to be 
evaluated. Such analysis is conducted by computing the load-induced stress level on top of 
subgrade layer using Drucker-Prager failure criterion. A stress level closer to shear strength 
indicates likelihood of localized failure (yield criterion) and a need for mitigation 
strategies. 
While shear analyses (i.e., ultimate and localized) are viewed as a check for failure 
condition, they do not provide any information regarding surface displacement (i.e., 
deflection) under SHL movement. In other words, though the shear failure analyses may 
exhibit that the pavement structure is capable to sustain the SHL movement without 
experiencing any shear failure, excessive surface deflections resulting from SHL vehicle 
loading can give rise to a rapid deterioration of pavement structure and development of 
premature surface distresses (e.g., permanent deformation). Accordingly, the SHL vehicle-
induced surface deflection should be limited to an allowable surface deflection.  
An equivalent FWD load level to generate a surface center deflection equivalent to 
the surface deflection computed under the SHL vehicle is determined and compared to the 




allowable FWD load level. An equivalent FWD load level higher than the allowable FWD 
load indicates the potential accumulation of unacceptable levels of permanent surface 
deformation. 
SHL vehicles are usually moved under traffic control so that it is often possible to 
keep the SHL far away from the pavement edge and shoulder. It is recommended that the 
vehicle stay away from the pavement edge, particularly in the routes where there exists an 
unpaved shoulder and/or a deep slope. On the other hand, it is not always possible to keep 
the SHL vehicle far from the pavement edge (e.g., narrow lanes and/or wide SHL vehicle). 
Therefore, it is necessary to investigate the stability of a sloped pavement shoulder under 
the SHL movement. 
In this study, Wedge Method which is a well-accepted slope stability analysis 
methodology in geotechnical practice was modified so that stability of a sloping layered 
medium consisting of pavement layers with distinct properties can be evaluated under SHL 
movements. Resultant horizontal force due to the SHL vehicle is the major component of 
the horizontal deriving force leading to the instability of failure wedge. The 3D-Move 
ENHANCED was used to compute these horizontal stresses on the vertical face of the 
sliding wedge. However, the 3D-Move ENHANCED computed stresses were modified to 
account for the role of sloping shoulder near the edge of the pavement since this software 
assumes that pavement layers extend laterally to infinity. A stress adjustment factor to 
adjust the calculated stresses in the presence of sloped shoulder was identified based on the 
results obtained from two full-scale experiments with similar pavement structures (with 
and without sloped pavement shoulder). The validity of the approach was verified using 




An approach to analyze the risk against buried structures due to SHL movement on 
flexible pavements was presented. The approach was based on widely-accepted and 
available buried utility (flexible and rigid) design procedures. For flexible pipes, a hybrid 
step-by-step evaluation procedure provided in American Lifelines Alliance (ALA) and 
Canadian Energy Pipeline Association (CEPA) reports was implemented. The procedure 
is divided into four general checks: (1) Assess factor of safety against pipe circumferential 
stress failure; (2) Check ovality of pipe cross section; (3) Check ring buckling stress, and 
(4) Check wall crushing stress. On the other hand, in the case of rigid concrete culvert, the 
stability was investigated by analyzing the flexural strength, shear strength, and axial thrust 
in the culvert members (i.e., top slab, bottom slab, and sidewalls) in accordance with 
AASHTO LRFD Bridge Design Specifications. 
Fair assessment of the induced stresses from SHL vehicle is required in order to 
reliably analyze the internal integrity of a buried utility. Though the existing state-of-
practice methodologies provide recommendations with respect to the load distribution, 
they are limited when assessing the risk of buried utilities under a SHL vehicle move. 
Considering only standard truck (mostly HS20) as live load and simulating it even as a 
point load, or as rectangular loaded area which is statically applied directly at the surface 
of unpaved roads (i.e., neglecting the AC and CAB layer) are the significant shortfalls. 
Therefore, the 3D-Move ENHANCED was adopted to realistically simulate 
pavement structure and SHL vehicle (e.g., viscoelastic properties of the AC layer, moving 
load, etc.). However, the 3D-Move ENHANCED computed stresses were modified to 
account for the role of buried utilizes and the soil-structure interaction. Stress adjustment 




were also identified based on the results obtained from two full-scale experiments with 
similar pavement structures (with and without buried utilities). The validity of the approach 
was verified using measurements obtained from a full-scale pavement structure with buried 
utilities.  
After completing and satisfying the ultimate failure analyses, buried utility risk 
analysis, and service limit failure analyses, the cost allocation attributable to pavement 
damage under a SHL vehicle is conducted. The approach employs input information that 
is commonly accessible to highway agencies, and implements a ME-based analysis that 
considers the determination of critical pavement responses associated to different type of 
pavement distresses. This cost allocation approach estimates pavement damage costs based 
on vehicle axle loading and configuration and considers the predicted pavement life 
reduction due to a single pass of the evaluated SHL vehicle. With this method, different 
pavement distress models, pavement repair options and any axle configuration can be 
considered. The present worth of repairing costs and VMT are also needed inputs of the 
process. The approach considers the current condition of the pavement at the time of the 
pass. Consequently, lower PDAC will be estimated for a SHL pass occurring on a 
pavement section with lower remaining life (i.e., a pavement section that has already been 
subjected to a percentage of its original design traffic). Factors such as pavement 
temperature, SHL vehicle operational speed, rehabilitation threshold value, and pavement 
structure were found to influence PDAC. It should be noted that the cost allocation analysis 
was not presented in this dissertation. 
A comprehensive user-friendly software package incorporating 3D-Move 




analysis procedures was established to evaluate the impact of SHL movements on flexible 
pavements. This software package which is called SuperPACK (Superheavy Load 
Pavement Analysis PACKage) and is comprised of three main components: 1) Pre-
analysis, 2) Analysis, and 3) Analysis engine. The Pre-analysis modules include the 
respective procedures for axle grouping and Nucleus of SHL analysis vehicle, material 
characterization, estimation of subgrade shear strength parameters, representative material 
properties for SHL vehicle analysis. The Analysis modules include the assessment of 
bearing capacity failure, service limit, slope stability, buried utility, and cost allocation 
under a SHL movement. 
The developed analysis procedures to evaluate SHL movements on flexible 
pavement were demonstrated using two SHL vehicle move cases. These two cases 
represented actual SHL vehicles with different characteristics that consisted of fragmented 
and continuous axle configurations with a GVW of 1.7 and 3.6 million lb. The findings 
from this exercise revealed that the methodology was able to capture various aspects of the 
impact of the analyzed SHL movements. Similar undertaking should be conducted to cover 
a variety of SHL movement scenarios (vehicles types, pavement structures and materials, 
existing pavement condition, etc.). 
The developed comprehensive mechanistic-based analysis methodology addressed 
several factors governing the assessment of the impact of SHL movement on flexible 
pavements. The methodology was based on well-accepted and available analysis and 
evaluation procedures. Simplified assumptions such as those related to the type of the tire, 
characterization of the tire-pavement interaction stresses, and pavement material 




The various aspects (in-situ material characterization, pavement distresses, etc.) of 
the developed methodology should be evaluated and verified by highway agencies using 
past and future permit data. Such efforts will serve as feedback to improve and calibrate 
the various components of the developed methodology (e.g., estimated pavement damage 
cost allocation attributable to SHL vehicle move).   
Stress adjustment factors were determined for sloped pavement shoulder and buried 
utilities based on test results from three full-scale pavement experiments. Further 
investigation by conducting complementary experiments and additional numerical 
analyses are recommended to extend the findings to other case scenarios. Such 
investigations should consider, in the case of sloped pavement shoulder, various scenarios 
of flexible pavement structures and materials, slope angles, distance of the surface load 
from the edge of the slope, etc. In the case of buried utilities, the investigation should also 
consider various scenarios of depth of cover, buried utility dimensions and characteristics, 
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CHAPTER 11. APPENDIX A: EXPERIMENTAL PROGRAM 
As part of this study, a comprehensive experimental program was carried out at the 
University of Nevada, Reno (UNR) to verify and calibrate multiple theoretical approaches. 
This program utilized UNR’s large-scale pavement/soil testing facility (UNR Large-Scale 
Box). A total of five UNR Large-Scale Box experiments were performed and specific 
characteristics of the experiments are presented in Table 11.1. All experiments had, 
whenever applicable, the same layer thicknesses for asphalt concrete (AC), crushed 
aggregate base (CAB), and subgrade (SG). The objectives of each experiment, its material 
characterization and construction techniques are discussed in this report. 
The UNR Large-Scale Box experiments (Table 11.1) were conducted aiming to 
achieve the following objectives: 
 Verify the soil strength parameters (cohesion, c, and angle of internal friction, ) as 
estimated by the proposed FWD (falling weight deflectometer) based methodology 
developed in this study; 
 Verify the applicability of the proposed bearing capacity approach for superheavy 
load (SHL) vehicle loading; 
 Investigate the influence of sloped shoulder on edge shear failure under FWD type 
and slower loading; and 
 Assess the influence of loading on flexible and rigid buried utilities. 
Each experiment was extensively instrumented to provide a comprehensive 
database of the system response. In all cases, the vehicular loading was simulated using an 




record surface pavement deformations up to 60 inch from the center of the surface load. 
Surface and embedded accelerometers (ACC) were installed to measure accelerations at 
various locations that in turn can be used to estimate the displacements at the same 
locations. Total Earth Pressure Cells (TEPC) were used to capture the stresses induced in 
the CAB and SG layers due to surface loading. Strain gauges were attached to the AC layer 
as well as the utility pipe to provide the strain distribution resulting from the surface 
loading. 
 
Table 11.1. UNR Large-Scale Box Experiments. 
Experiment 
No. 
Description1 Loading Protocol2 
1  SG only (No AC or CAB) 
 Apply loads on top of SG 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading duration for low number of 
cycles 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
2  Unbound materials only (CAB and 
SG) 
 Apply loads on top of the CAB 
3  Control section (full pavement 
structure: AC, CAB, and SG) 
 Apply loads on top of the AC layer 
4  Impact of sloped shoulder (Full 
pavement structure: AC, CAB and 
SG with 1:1.5 side slope) 
 Apply loads on top of the AC layer 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading at three locations: 12, 24 
and 36 inch from the edge of the 
slope. 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
5  Impact of loading on two buried 
utilities (Full pavement structure: 
AC, CAB and SG) 
 Apply loads on top of the AC layer 
at three different locations 
 Apply dynamic loads of different 
amplitudes simulating the FWD 
loading duration for low number of 
cycles 
 Apply increasing static load until 
failure using 11.9 inch circular steel 
plate 
1AC, CAB, and SG denotes Asphalt Concrete, Crushed Aggregate Base, and Subgrade, 
respectively. 





11.1. Elements of Experimental Program 
The experimental program of this study required a large container to achieve the program’s 
objectives. Thus, the research team designed, fabricated, and built a large-scale square box 
with internal dimensions of 124 inch by 124 inch by a height of 72 inch. UNR Large-Scale 
Box consisted of steel base plate, vertical H-shape steel columns infilled with four inch by 
six inch wood beams and braced at two levels with steel beams and tension rods to act as 
lateral bracing system. Figure 11.1 and Figure 11.2 show the drawings of the UNR Large-
Scale Box. 
The steel base plate was grouted to the laboratory floor, followed by 20 steel 
columns appropriately aligned and welded to the base plate. After the assembly of the steel 
columns, total of 224 wood beams of 4 inch by 6 inch by 120 inch were fitted between the 
columns. Polyvinyl chloride (PVC) foamboards were used as filler between the gap inside 
the web of the columns and the wood beams. A screw/nut fastening method was used to 






Figure 11.1. Three-dimensional (3D) schematic of UNR Large-Scale Box. 
 
 





11.1.1. Experimental Setup 
Since the experimental program included dynamic loading applied onto a pavement 
structure contained within UNR Large-Scale Box, there was a concern about introducing 
measurement errors in the data collected from the sensors due to reflection of the waves at 
the boundary. A common technique to minimize such error is to install wave-absorbing 
material on the inside walls of the Box. A field experiment was performed to determine the 
best commercially available wave-absorbing material.  
The four following damping materials were tested: insulation foam, cushion pad, 
fiberglass, and bubble wrap. It was concluded that fiberglass provided the best absorbing 
mechanism and thus it was selected for this study. Accordingly, the floor and the inner 
walls of the UNR Large-Scale Box were covered by fiberglass material (Kraft side facing 
inside), which is commercially available for use as insulation (Figure 11.3). The PVC 
foamboards also acted as an additional wave absorber at the boundaries during the dynamic 
tests.  
A plastic sheet was placed all around the inside of the completed box (Figure 11.4). 
This sheet provided a “frictionless” boundary for vertical deformation similar to what is 






Figure 11.3. EcoTouch (PINK)-R13 fiberglass insulation (HDX). 
 
 
Figure 11.4. HDX 6 mil black plastic sheeting. 
 
11.1.2. Characteristics of Subgrade Material 
The subgrade in a pavement structure is routinely a material that is found naturally. The 
subgrade material in the UNR Large-Scale Box experiments was procured from a local 
source and this section provides details of its characterization. 
11.1.2.1. Soil Classification 
The results of sieve analysis test undertaken in accordance with AASHTO T11 and 
AASHTO T27 are shown in Figure 11.5. The Atterberg limits were determined in 
accordance with AASHTO T89 and AASHTO T90 and the results are summarized in Table 




(AASHTO M145) and as “clayey sand with gravel” (group symbol: SC) according to the 
Unified Soil Classification System (USCS) (ASTM D2487). 
 
Table 11.2. Atterberg Limits of SG material. 
Liquid Limit, LL Plastic Limit, PL Plasticity Index, PI 
43 23 20 
 
 
Figure 11.5. Gradation of SG material. 
 
The quality of a soil as a highway SG material is typically estimated based on the group 
index (GI). In general, the quality of performance of a soil as a SG material is inversely 
proportional to the GI. A GI of one was calculated for the tested SG material, and the SG 















































































11.1.2.2. Resilient Modulus 
The resilient modulus (MR) represents the stiffness of a material under control confinement 
condition and repeated vertical loading. The resilient modulus test aims at simulating stress 
conditions that occur in the pavement structure. The resilient modulus test for the SG 
material used in the UNR Large-Scale Box experiments was conducted in accordance with 
AASHTO T307. The moisture-density relation (compaction curve) for the SG material was 
developed in accordance with AASHTO T99 (Figure 11.6). A maximum dry density (dmax) 
of 125.5 pcf (modified Proctor) was achieved at an optimum moisture content (Wopt) of 
11.8 percent. A summary of specimen preparation, testing, and test results for resilient 
modulus are presented next. 
The required amount of water based on the moisture-density curve results was 
added to the dry SG material to bring it to the optimum moisture content. The SG material 
and water were mechanically mixed until the soil got uniform color and consistency 
(approximately for four minutes). To cure the soil, it was then placed in buckets and sealed 
with a thick plastic cover for the period of 16 to 24 hours. 
After curing, the specimens were fabricated to the size of 6-inch diameter by 12-
inch height (Figure 11.7). For the purpose of compaction, a heavy duty mechanical drill 
with a 6-inch cap was employed (Figure 11.8). The specimen was compacted in fifteen lifts 
that resulted in a relative compaction of about 91 percent. It may be noted that the surface 
of each compacted lift was scarified to a depth about 1/8 inch to avoid debonding between 






Figure 11.6. Moisture-density curve of the A-2-7(1) SG material. 
 
 






























Figure 11.8. Drill hammer for the preparation of resilient modulus test specimen. 
 
 
Figure 11.9. Scarifying tool for the preparation of resilient modulus test specimen. 
 
The test specimen surrounded by a latex membrane was secured with top and 
bottom porous stone caps with moist paper filters placed in between porous stone and 
specimen. The membrane was carefully sealed with caps by using ‘O’ rings (Figure 11.10). 
The specimen assembly secured within the triaxial cell is shown in Figure 11.11. The load 
sequences in accordance with AASHTO T307 were applied. Axial deformation and 
rebound of the specimen was monitored using LVDTs. The resilient modulus for each 




cycles. After completion of the resilient modulus test, the testing program was continued 
with quick shear test. Figure 11.12 and Figure 11.13 display a SG specimen before the 
resilient modulus test and after the quick shear test, respectively. 
 
 
Figure 11.10. Resilient modulus test specimen surrounded by latex membrane. 
 
 





Figure 11.12. Compacted SG specimen before resilient modulus test. 
 
 
Figure 11.13. Compacted SG specimen after quick shear test. 
 
It is well accepted that an increase in resilient modulus resulting from an increase 
in bulk stress (θ) is commonly referred to as “stress hardening” behavior. On the other 
hand, “stress softening” behavior exhibits a decrease in the resilient modulus with an 
increase in deviator stress (σd). Constitutive models are generally used to estimate the 
resilient modulus of the material as a function of stress state. Three constitutive models 
that represent hardening behavior (referred to as Theta model or K-), softening behavior 




Uzan model) were considered to describe the behavior of the tested SG material under the 
resilient modulus testing condition (see Equation 11.1 to Equation 11.3). In these models, 
the theta and deviator stress exponents (n and m) are expected to have a positive and a 
negative value, respectively.  
 
𝑀𝑅 = 𝐾𝜃
𝑛 Equation 11.1 
 
𝑀𝑅 = 𝐾𝜎𝑑




𝑚 Equation 11.3 
 
In order to identify the parameters of the models, the method of least squares in 
Microsoft Excel solver was employed. The calculated parameters for the evaluated models 
are presented in Table 11.3. These parameters are for MR, , and d given in psi. Figure 
11.14 to Figure 11.16 depict the comparison between the measured and calculated resilient 
moduli using the constitutive models and associated model parameters. It can be seen that 
the calculated resilient moduli using Uzan model that considers both hardening and 
softening behavior show the best agreement to the measured values. The results of resilient 
modulus test on the SG material revealed that the increase in the deviator stress (σd) at a 
constant confining pressure resulted in the increase in MR value. The Log-Log model 
reflects the softening characteristics of an unbound material. Such a model did not properly 










K n m 
Theta Model (K-) Hardening 1,140.40 0.704 NA 
Log-Log Model (K-
d) 
Softening 4,677.35 NA 0.483 
Uzan Model Hardening-Softening 1,011.28 0.808 -0.106 
1NA denotes Not Applicable. 
 
 
Figure 11.14. Measured versus calculated SG resilient modulus using Theta-model. 









































Figure 11.15. Measured versus calculated SG resilient modulus using Log-Log. 
 
 
Figure 11.16. Measured versus calculated SG resilient modulus using Uzan model. 
 
 













































































11.1.2.3. Shear Strength Parameters 
The shear strength of a soil mass is the internal resistance offered by the soil along a failure 
plane. The shear strength which is a function of normal stress on the failure plane, can be 
expressed by the following equation referred to as Mohr-Coulomb failure criterion. 
 
𝜏𝑓 = 𝑐 + 𝜎𝑓 ∙ 𝑡𝑎𝑛𝜙 Equation 11.4 
 
Here, 𝜏𝑓 is the shear strength at failure, 𝜎𝑓 is the normal stress at failure, c is the 
cohesion, and  is the angle of internal friction. The c and  are widely used strength 
parameters in geotechnical designs. Different laboratory techniques have been employed 
to determine these parameters. Triaxial compression test is one of the well-accepted 
methods for this purpose. 
The triaxial testing in accordance with ASTM D7181 were carried out to determine 
the shear strength parameters of the SG material. It may be noticed that the test was 
conducted in unsaturated condition (i.e., no saturation phase and without any pore-water 
pressure measurements). It is believed that the test condition represents the actual SG 
condition in the UNR Large-Scale Box experiments. A summary of sample and specimen 
preparation, testing, as well as test results are presented next. 
First, the required amount of water was added to the dried soil sample to bring it to 
the optimum moisture content. The soil sample and water was mechanically mixed until 
the SG got uniform color and consistency (approximately for four minutes). The mixture 
was then placed in buckets and sealed with a thick plastic cover. The sealed mixture was 




A split mold with 2.8 inch internal diameter and a static compactor load frame were 
used to compact the sample into cylindrical test specimens. The test specimen was 
compacted in five lifts of equal weights under static load applied from a hydraulic load 
frame. The final height of the compacted specimen (i.e., six inch) was marked on the pusher 
rod with five equal divisions. These marks show the needed compacted height of each 
layer. The split mold and the pusher rod with marks are shown in Figure 11.17. 
 
 
Figure 11.17. Pusher rod and split mold used for the specimen preparation of 
triaxial test. 
 
The portion of wet soil for one lift was placed in the split mold. With the use of 
spatula, soil sample was drawn away from the edge of the mold to form a slight mound in 
the center. Static compressive load with slow rate of movement (about 0.2 inch per minute) 
was applied. The application of ram movement was stopped when the lift height passes the 
respective mark on the pusher rod. The load was maintained for about a minute to reduce 
the excessive rebound. The load was retrieved and the rod used to push the sample was 








0.12 inch, in order to give a good bonding with the next lift. The wet mass of soil for the 
next lift was placed over it and the same procedure was followed until completion of 
compaction of the fifth lift. Specimen preparation with static compactor is shown in Figure 
11.18. Compacted specimen was taken out of the mold by splitting the mold. After 
measuring the height, the latex membrane was immediately secured to the cylindrical 
specimen to prevent further moisture lost to air. 
In order to conduct the test, the Geocomp’s automated triaxial apparatus which was 
available at UNR was utilized. This system is operated by the software that automates the 
initialization, consolidation, and deviator load application (see Figure 11.19). 
The triaxial tests at two different confining pressures of 5 and 10 psi were 
performed. Figure 11.20 depicts the deviator stress (σd) versus the axial strain (εa) of the 
SG in these two tests. Consequently, a deviator stress at failure (σdf) of 23.0 psi and 39.1 
psi was obtained for the two respective confining pressures. Accordingly, as shown in 









Figure 11.19. The Geocomp’s triaxial apparatus at University of Nevada, Reno. 
 
 



























Confining Pressure = 5 psi





Figure 11.21. Mohr-Coulomb failure criterion for SG material. 
11.1.3. Characteristics of Base Material 
A typical CAB was used in UNR Large-Scale Box experiments. The CAB material was 
selected following the Nevada department of transportation (NDOT) materials’ 
specification for dense graded CAB (Type 2, Class B). The CAB material, from a local 
supplier in northern Nevada, was sampled according to the AASHTO T2 protocol and 
brought to the UNR facility for testing. Using AASHTO T248 splitting methods, the 
sample was reduced in size and blended until an adequate sample size and mix was 
achieved. From the blended sample, the AASHTO T27 and AASHTO T180 protocols were 
followed to determine the gradation, maximum dry density, and optimum moisture content. 
The maximum dry density for the evaluated CAB was 138.2 pcf, maximum wet density 






















Confining pressure = 5 psi
Confining pressure = 10 psi
Failure Envelope
ϕ = 38°




11.1.4. Characteristics of Asphalt Concrete Material 
A typical dense-graded hot mix asphalt (HMA) with a PG64-22 unmodified asphalt binder 
and a nominal maximum aggregate size (NMAS) of 0.75 inch was used in the large-scale 
experiments. Summary of aggregate gradation and mixture properties of HMA materials 
are presented in Table 11.4 and Table 11.5. 
 
Table 11.4. Aggregate Gradation of HMA used in experiments. 
Sieve Percent Passing Specification 
1 inch 100 100 
3/4 inch 100 93 – 100 
1/2 inch 90 – 
3/8 inch 78 71 – 85 
No. 4 51 45 – 48 
No. 8 38 – 
No. 10 35 31 – 39 
No. 16 29 – 
No. 30 22 – 
No. 40 19 15 – 23 
No. 50 14 – 
No. 100 9 – 
No. 200 6.6 4.6 – 8 
 
Table 11.5. Mixture Properties of HMA used in experiments. 
Property Value 
Binder Content (Pb) 4.6% 
Air Void (Va) 4% 
Voids in Mineral Aggregate (VMA) 13.7% 
Voids Filled with Asphalt (VFA) 71.1% 
Theoretical Maximum Specific Gravity (Gmm) 2.478 
Marshall Stability 3618 lb 
Marshall Stability 14 inch/100 
11.1.5. Data Acquisition System 
A National Instrument (NI) data acquisition system comprises of two 12 slot SCXI-1001 
chassis populated with 18 NI SCXI-1320 conditioners were used to acquire the sensor data 




of sampling data at frequencies that range from 1 to 3,000 Hz. Such system is applicable 
for acquiring data from a wide range of sensors including strain gauges, displacement 
transducers, load cells, pressure cells, and accelerometers. Data from experiments 
involving dynamic loading were acquired at 1,024 Hz to accommodate the requirements 
for double integration algorithm for assessing the displacements. Data from experiments 
with static loading were acquired at 32 Hz. Once the data was acquired, it was stored locally 
on the computer hard drive in comma separated values (CSV) files that could be imported 
and utilized by most software packages for data analysis. 
11.1.6. UNR Large-Scale Box Test Preparation 
11.1.6.1. Subgrade Deposition in Large-Scale Box 
The goal was to place the SG material at 11 percent moisture content and at 90 percent 
maximum dry density to a depth of 5.5 feet. The process of placing the SG material was 
labor intensive but straight forward. The material was shoveled from the stockpile into five 
gallon buckets, placed in a concrete mixer, and mixed for less than a minute. In some 
experiments, the SG material was pre-conditioned to optimum moisture content, to reduce 
construction time. The wet SG was mixed for approximately 10 to 30 seconds to maintain 
an even blend. The moist SG material was then transported and placed via a laboratory-
fabricated shoot and distributed within UNR Large-Scale Box area. 
A gasoline powered vibratory plate compactor proved to be the best option to 
achieve the required compaction. Three to four passes lasting approximately five to eight 
minutes each were needed to arrive at a four inch compacted lift. Nuclear density gauge 




compaction had been reached (90% of maximum dry density). Figure 11.22 through Figure 
11.26 show the various stages of placing the SG material in UNR Large-Scale Box. 
While nuclear density gauge was used to ensure the target density during the 
installation of the SG, Dynamic Cone Penetrometer (DCP) testing was also used to assess 
the density of the SG layer. For Experiment No. 1, two DCP tests, in two different 
locations, were conducted on the surface of the finished SG, after placement of all the SG 
lifts. Figure 11.27 shows the readings of the two DCP tests. 
 
 
Figure 11.22. SG soil mixing in the mechanical mixer to form a uniform mix. 
 
 
Figure 11.23. Placement of conditioned SG soil into the Box via a material discharge 














Figure 11.26. Scarification of the SG lift surface using a pickaxe to ensure strong 





Figure 11.27. DCP test results for SG layer in UNR Large-Scale Box from 
Experiment No. 1. 
11.1.6.2. Base Deposition in Large-Scale Box 
The target in-place moisture content of the CAB material was 8.3 percent with a target in-
place density of 92 to 95 percent (of the maximum dry density) compaction. The total CAB 
layer thickness was six inch and it was constructed in two three inch lifts, in a manner 
similar to the SG material deposition process described earlier. However, the CAB required 
more compaction effort to arrive at a three inch compacted lift. Nuclear density gauge 
readings were taken after each lift in UNR Large-Scale Box, to confirm the required 
compaction had been reached. 
11.1.6.3. Asphalt Concrete Deposition in Large-Scale Box 
The asphalt mixture was placed using two 2.5-inch lifts. The lifts were compacted for the 




























































92% to 96%. The asphalt mixture was delivered using a dump truck from a local hot-mix 
plant supplier. The plant mix was dumped directly in front of UNR Large-Scale Box and 
shoveled into the Box. It was swiftly spread and leveled until 3 inch of uncompacted 
material was in place. A vibro-plate was then used for compaction of the lift by driving it 
around the perimeter of the box from the outside edge to the inside for better compaction. 
Upon achieving good compaction on the first AC layer lift, the same process was repeated 
for the second 2.5-inch lift. A thin lift nuclear density gauge was used at several locations 
around the surface of the box to measure the in-place density of the compacted AC surface 
layer.  
Plant-produced loose mixtures were sampled during placement of the material in 
UNR Large-Scale Box and were tested for theoretical maximum specific gravity (Gmm) 
in accordance with AASHTO T209. The dynamic modulus was also measured on the 
sampled plant-produced mixture. 
Loading of the pavement structure was conducted at least seven days after the 
placement of the AC layer. This was done to eliminate additional uncertainties due to 
variability in the asphalt material properties because of oxidative aging. Cores were taken 
immediately after the completion of each of the experiments to measure the thickness and 
verify the in-place asphalt layer density. Ten cores were taken at various locations in the 
AC layer for each of the Experiments No. 3, No. 4 and No. 5. Half of the cores were 




11.1.6.4. Special Considerations in Experiments No. 4 and No. 5 
11.1.6.4.a. Building the Slope (Experiment No. 4) 
Construction of SG material below the slope level continued as aforementioned earlier. 
However, to build the side slope in Experiment No. 4, a simple technique of wooden forms 
was used. A six inch by four inch wooden piece was installed along the side of UNR Large-
Scale Box, at the starting level of the slope. The wooden piece was placed in a way where 
the height of the piece matches the construction lifts height (four inch), and its width 
matches the 1:1.5 slope requirement (Figure 11.28). With each additional layer of SG soil 
an additional step of wood plank was added, as shown in Figure 11.29. Upon completion 
of the construction, the wooden frames were removed (Figure 11.30), leaving steps in the 
compacted materials. These steps were then reshaped to a smooth slope using hand tools 
(Figure 11.31). Finally, the surface of the slope was compacted using a vibro-plate 
compactor (Figure 11.32). 
 
 










Figure 11.30. Slope construction process in Experiment No. 4: Building slope and 






Figure 11.31. Slope construction process in Experiment No. 4: Shaping the slope. 
 
 
Figure 11.32. Slope construction process in Experiment No. 4: Finished slope. 
11.1.6.4.b. Buried Utilities – Cast In-Place Concrete Box Culvert (Experiment No. 5) 
While the steel pipe was purchased from a local hardware store, it was decided to cast the 
concrete box culvert that is 9 ft long, with a 12 inch by 12 inch square section and 1 inch 
wall thickness. The concrete box culvert was constructed inside the UNR Large-Scale Box 
at the designed testing location using self-consolidating concrete (SCC). 
At the bottom of the concrete box culvert the SG soil was properly compacted and 
levels were verified using Topcon RL‑H4C Self-Leveling Rotary Laser level. The outer 
formwork was built using timber and plywood (the dimensions between the outer forms 
were 12 inch) while the inner formwork was built using 2-inch thick extruded polystyrene 
closed-cell foam panels. A welded steel wire mesh sheet (six inch by six inch spacing and 
1/8-inch thick) was used to reinforce the walls of the concrete box culvert. 
A Sikacrete SCC product was used to insure proper placement. The SCC mix was 
composed of factory blended coarse aggregates, silica fume and other products. The 




addition to getting excellent consolidation without the need for vibration. Figure 11.33 to 
Figure 11.35 show the construction process of the concrete box culvert. Cylindrical 
concrete specimens were obtained according to ASTM C39/C39M, to measure the 
compressive strength of the SCC. 
One day after the completion of the SCC work, the outer wooden formworks were 
removed, and when the SCC age reached three days the inner foam formworks were 
removed. Figure 11.36 shows the final concrete box culvert upon removal of formworks. 
The compressive strength of the SCC was measured using the sampled cylindrical 
specimens in accordance with ASTM C39/C39M at 1, 7, 14, 28 and test days. Figure 11.37 
shows the measured compressive strength at the various dates. The compressive strength 
at test day was 8,348 psi. 
 
 






Figure 11.34. Mixing of self-consolidating concrete in the bucket. 
 
 
Figure 11.35. Pouring of self-consolidating concrete in the box culvert formwork. 
 
 







Figure 11.37. Unconfined compressive strength of SCC mix cores at various dates. 
 
Construction of SG soil below the concrete box culvert was undertaken as 
aforementioned earlier. However, the SG near the buried utilities (12 inch) required special 
attention in the zone directly adjacent to the utilities. Each lift (four inch) of SG within this 
zone was manually compacted using wood and mallets, as shown in Figure 11.38. The 
remaining area (few inches away from utilities) was compacted as usual using the vibro-
plate compactor. 
 



































11.2. UNR Large-Scale Box Test Preparation 
A hydraulic ram capable of delivering 60,000 lb was used to apply the surface loads. The 
ram was modified by attaching a Moog-252 spool valve that can be electronically 
controlled to provide the required flow to the ram to achieve the target dynamic load with 
the target pulse duration. This control mechanism also allows the application of the static 
load in a controlled manner. The system was connected to a hydraulic pump along with 
accumulators to ensure adequate flow of hydraulic fluid necessary for the repeated cycles 
of loading. The ram was mounted onto a stiff horizontal steel beam connected between two 
vertical steel columns that comprised the reaction frame. 
A computer running a real time operating system was connected to a National 
Instrument (NI) 4-slot SCXI-1001 chassis populated with two NI SCXI-1320 conditioners 
that were used to control the servo valve. A 100,000 lb interface pancake-type load cell 
along with a string pot were attached to the ram, which in turn were electronically 
connected to the controller. The controller design was a proportional-integral-derivative 
(PID) controller. This control loop feedback mechanism was used to control the ram in 
either force or displacement control mode depending on the mode selected for testing.  
A Dynatest Falling Weight Deflectometer (FWD) loading plate with 11.9-inch 
diameter was used to apply the dynamic loads on top of the pavement structure to better 
simulate actual tire loading conditions (Figure 11.39 and Figure 11.40). The ratio of UNR 
Large-Scale Box dimensions to the diameter of the loading plate was deemed sufficient to 
minimize the interference from UNR Large-Scale Box boundaries. In contrast, an 11.9-
inch diameter by 1-inch thick steel loading plate was used to apply the static loads (Figure 





Figure 11.39. Top view of the FWD loading plate from Dynatest used for dynamic 
loading in UNR Large-Scale Box experiments. 
 
 
Figure 11.40. Bottom view of the FWD loading plate from Dynatest used for 
dynamic loading in UNR Large-Scale Box experiments. 
 
 
Figure 11.41. Top view of the steel circular plate (12-inch diameter) used for static 







Figure 11.42. Side view of the steel circular plate (1-inch thick) used for static 
loading in UNR Large-Scale Box experiments. 
 
Various sensors were used in the experiments to capture the pavement structure and 
buried utilities responses to surface loading. Non-vibrating wire Geokon TEPCs model 
3500 were used to measure the total vertical stresses at different locations within the 
domain. These cells were four 4 inch in diameter with capacities that ranged between 36 
psi and 362 psi. Novotechnik TR-100 LVDTs with range from 0 to 4 inch were used to 
capture surface deflection of the pavement and monitor deflections inside the buried 
utilities. Vernier accelerometers capable of measuring acceleration up to 5g in three 
directions were used in the various experiments. Texas Measurements strain gauges for 
asphalt (PMFLS-60-50-2LT) were also used to capture the response of the entire pavement 
under dynamic and static loading as well as to provide a comprehensive picture of the 
pavement responses (stress, strain and deformation) at interior locations along with surface 
deformation data. Texas Measurements (FRA-10-17-5L) 45°/90° three-element rosette 
strain gauges were used to capture the strain in the buried steel pipe. 
11.2.1. Experiment No. 1 (SG Layer Only) 
In Experiment No. 1, the loads were applied on top of the SG layer directly, no AC or base 
layers were present. The thickness of SG was 5.5 feet (66 inch). Two type of loadings were 
applied: dynamic and static. The testing was initially dynamic with increasing amplitudes, 




was to apply the loads that will not impart failure and development of failure (or slip) 
planes in the SG. In total, there were a series of five loading levels each with higher and 
higher load amplitudes till the above mentioned 𝑃(𝑀𝑎𝑥)𝐷𝑦𝑛 load level was reached. The 
pavement structure was subjected to multiple dynamic load pulses at each of the selected 
load level increments, simulating repeated loading and allowing for the resilient type 
behavior of the SG. Each load pulse consisted of a pulse duration of 0.1 seconds followed 
by a rest period of 0.9 seconds. 
At the end of the dynamic load testing, the pavement structure was allowed to 
recover for 30 minutes. An increasing static load was then applied, up to failure, with a 
constant vertical settlement rate of 0.4 inch/minute. The procedures that deal with non-
repetitive static plate load tests of soils are outlined in ASTM D1196/D1196M where the 
loading rate suggested is not specified rather a “moderately rapid” rate of loading is stated. 
A preliminary analysis was undertaken using 3D-Move Analysis software to get an 
estimate of the vertical displacement rate for SHL vehicles moving at 10 mph. This exercise 
revealed that the rate is in the range of 2.2 to 3.8 inch/minute, which depended on the 
stiffness properties and layer thicknesses in the pavement structure. However, application 
of such a fast loading rate could cause several issues related to technical limitations in the 
loading ram and supporting frame. Hence, it was decided to apply the static load at a slower 
rate of 0.4 inch/minute that is consistent with the application of deviator stress rate in the 
triaxial test conducted for subgrade material (i.e., 0.2 inch/minute).  
Table 11.6 summarizes the loading protocol for Experiment No. 1. All loads were applied 
on the loading plate positioned directly at the top of the SG layer and at the center of the 





Table 11.6. Loading Protocol for Experiment No. 1 (SG Layer Only). 
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The details of Experiment No. 1 for instrumentation in the SG layer are summarized 
in Figure 11.43 to Figure 11.46. Surface LVDTs were installed diagonally to measure 
surface deflections at various radial distances (0, 8, 12, 24, 36, 48 and 60 inch). The LVDTs 
were attached to an external aluminum stationary beam that acted as a reference frame. 
This reference frame in turn was mounted to an independent concrete platform to avoid 
noises and vibrations from UNR Large-Scale Box. The moving tip of the surface LVDTs 
rested on top of the SG layer. 
Eight 4-inch TEPCs were also placed at three depth levels of 10, 20 and 26 inch 
below the SG surface. These cells were located directly under the center of the loading 
plate and laterally at each of the above depth levels at various locations. At the first level 
(10 inch from SG surface), there were four sensors while at the second level (20 inch from 
SG surface) there were three. At the bottom level (26 inch from SG surface), there was one 
sensor directly under the center of the loading plate.  
The sensors were installed after compacting the SG to the level of the instruments. 
The pressure cells were then placed carefully on a leveled surface created by a thin layer 




bearing surface. After placement of the sensor, additional SG material was placed carefully 
on top of the cell and compacted by hand using steel tamper plate. Figure 11.47 and Figure 
11.48 show the placement of a pressure cell in the SG layer, while Figure 11.49 shows the 




























Figure 11.47. Instrumentation of SG layer in Experiment No. 1, proper levels and 
locations are verified using Automatic Laser Level and measuring tape. 
 
 
Figure 11.48. Instrumentation of SG layer in Experiment No. 1, placing instruments 
in proper location and checking level and alignment. 
 
 




11.2.2. Experiment No. 2 (SG and CAB Layers) 
This experiment, utilized unbound materials only (no AC), with a total pavement thickness 
of 72 inch. Figure 11.50 to Figure 11.53 show drawings of Experiment No. 2 setup. The 
pavement structure consisted of 6 inch of CAB on top of 66 inch of SG soil. The entire 
pavement consisting of SG and CAB was constructed as outlined earlier. The loads were 
applied on top of the CAB layer (at the surface). 
In Experiment No. 2, the pavement structure was subject to repeated dynamic loads 
with amplitudes between 1,000 lb and 7,000 lb in a 1,000 lb increment. Twenty-five cycles 
were applied at each incremental dynamic load with a pulse duration of 0.1 second 
followed by a rest period of 0.9 second in each loading cycle. In total, there were a series 
of seven loading levels each with higher and higher load amplitudes.  
At the end of the dynamic load testing, the pavement structure was allowed to 
recover for 30 minutes. Similar to Experiment No. 1 an increasing static load was then 
applied, up to failure, with a constant settlement rate of 0.4 inch/minute. Table 11.7 
summarizes the loading protocol for Experiment No. 2. All loads were applied on the 
loading plate positioned directly at the top of the CAB layer and at the center of the UNR 
Large-Scale Box. 
The instrumentation for the pavement structure consisted of surface LVDTs 
installed diagonally to measure surface deflections at various radial distances (0, 8, 12, 24, 
36, 48 and 60 inch). The LVDT attachment system was similar to the one used in 
Experiment No. 1 except that the moving tip of the surface LVDTs rested on top of the 
CAB layer. Nine 4-inch TEPCs were also placed at three locations: middle of the CAB, 




of the loading plate and laterally at each of the depth levels at various locations. At the first 
level (middle of CAB), there were three sensors and at the second level (six inch below SG 
surface) there were five. At the bottom level (20 inch below SG surface), there was only 
one sensor directly under the center of the loading plate. 
The sensors were installed after compacting the SG and CAB to the level of the 
instruments. As outlined in Experiment No. 1, the pressure cells were then placed carefully 
on a leveled surface created by a thin layer of compacted fine material, to insure full contact 
with the cell and to facilitate a better bearing surface. After placement of the sensor, 
additional material was placed carefully on top of the cell and compacted by hand using a 
steel tamper plate. Figure A.11.54 shows a picture after placement of all pavement layers 
and instruments.   
 
Table 11.7. Loading Protocol for Experiment No. 1 (SG and CAB Layers). 
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Figure A.11.54. Completed UNR Large-Scale Box test setup for Experiment No. 2. 
 
11.2.3. Experiment No. 3 (Full Pavement) 
In this experiment, a full pavement structure was constructed with a total thickness of 77 
inch. Figure 11.55 to Figure 11.58 show the drawings of Experiment No. 3 setup. The 
pavement structure consisted of 5 inch AC, on top of 6 inch CAB, and 66 inch of SG soil. 
The loads were applied on top of the AC layer. 
In Experiment No. 3, the full pavement structure was subject to repeated dynamic 
loads with amplitudes between 9,000 lb and 27,000 lb. Twenty-five cycles were applied at 
each incremental dynamic load with a pulse duration of 0.1 second followed by a rest 
period of 0.9 second in each loading cycle. In total, there were a series of five loading levels 
each with higher and higher load amplitudes. No static loading was applied in this 
experiment. Table 11.8 summarizes the loading protocol for Experiment No. 3. All loads 
were applied on the loading plate positioned directly at the top of the AC layer and at the 






Table 11.8. Loading Protocol for Experiment No. 3 (Full Pavement Structure). 
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The instrumentation for the pavement structure consisted of surface LVDTs 
installed diagonally to measure surface deflections at various radial distances (0, 8, 12, 24, 
36, 48 and 60 inch). The LVDT attachment system was similar to the one used in 
Experiment No. 1. The moving tip of the surface LVDTs rested on top of the AC layer. In 
this experiment, three additional LVDTs were used to measure the top deflection of the 
CAB material through a hole, which was drilled through the AC layer, to provide data that 
can be used in assessing the deformation of the AC layer only.  
Ten 4-inch TEPCs were placed at three locations: middle of the CAB, and 6 and 20 
inch below the SG surface. These cells were located directly under the center of the loading 
plate and laterally at each of the depth levels at various locations. At the first level (middle 
of CAB), there were four sensors and at the second level (six inch below SG surface) there 
were five. At the bottom level (20 inch below SG surface), there was only one sensor 
directly under the center of the loading plate. The sensors were installed after compacting 
the SG and CAB to the level of the instruments. As noted in Experiments No. 1 and No. 2, 
the TEPCs were placed carefully on a leveled surface created by a thin layer of compacted 




After placement of the sensor, additional material was placed carefully on top of the cell 
and compacted by hand using a steel tamper plate.  
AC strain gauges were also placed at the bottom of the AC layer to capture the 
strains of the pavement under the dynamic and static loading. A small amount of a fine-
graded asphalt mixture was placed over the CAB to ensure a proper support for the strain 
gauge and a good bond between the strain gauge and the AC layer. Once the strain gauge 
was placed, a steel plate was placed on top and a static pressure was used to compact the 
gauge into the asphalt patch. The asphalt mixture was then placed directly over the strain 
gauge. Figure 11.59 shows the asphalt strain gauges on top of the compacted CAB layer 
prior to adding the fine-graded asphalt mixture. Figure 11.60 shows a picture after 




























Figure 11.59. Asphalt strain gauges placed on top of CAB. 
 
 
Figure 11.60. Completed UNR Large-Scale Box test setup for Experiment No. 3. 
 
11.2.4. Experiment No. 4 (Full Pavement with Sloping Edge) 
In this experiment, a full pavement structure with a total thickness of 77 inch was 
constructed with a side slope of 1:1.5 (33.7 degrees with the horizontal). Figure 11.61 to 
Figure 11.67 show drawings of Experiment No. 4 setup. The pavement structure consisted 
of 5 inch AC, on top of 6 inch CAB, and 66 inch of SG soil. The loads were applied on top 





In Experiment No. 4, the full pavement structure with sloping edge was subject to 
repeated dynamic loads with amplitudes between 9,000 lb and 27,000 lb. Twenty-five 
cycles were applied at each incremental dynamic load with a pulse duration of 0.1 second 
followed by a rest period of 0.9 second in each loading cycle. In total, there were a series 
of five loading levels each with higher and higher load amplitudes. Table 11.9 summarizes 
the loading protocol for Experiment No. 4. All loads were applied on the loading plate 
positioned directly at the top of the AC layer but at three different locations along the 
centerline of the UNR Large-Scale Box: 12, 24, and 36 inch offset from the edge of the 
slope. The test series started from the third location, which is the farthest away from the 
slope and progressively moved closer to the edge. 
At the end of the dynamic load testing, the pavement structure was then allowed to 
recover for 30 minutes. An increasing static load was then applied, up to failure, with a 
constant settlement rate of 0.4 inch/minute. The static load was applied on the loading plate 
positioned directly at the top of the AC layer and at 12 inch from the edge of the slope. 
 
Table 11.9. Loading Protocol for Experiment No. 4 (Full Pavement with Sloping 
Edge). 
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The instrumentation for the pavement structure consisted of surface LVDTs 
installed along the edge of the pavement to measure surface deflections at various radial 
distances (0, 8, 12, 24, 36 and 48 inch). Two additional LVDTs were used to measure the 
top deflection of the AC material in the direction perpendicular to the pavement edge. 
Seven other LVDTs were placed laterally to measure the slope horizontal deflections. 
These LVDTs were placed at the middle of the AC layer, middle of the CAB layer, 6 inch 
and 12 inch below the SG surface. 
Ten 4-inch TEPCs were placed at three locations: middle of the CAB, and 6 and 20 
inch below the SG surface. These cells were located directly under the center of the loading 
plate and laterally at each of the depth levels at various locations. At the first level (middle 
of CAB), there were three sensors and at the second level (six inch below SG surface) there 
were six. At the bottom level (20 inch below SG surface), there was only one sensor directly 
under the center of the loading plate. More details on the TEPCs locations can be inferred 
from Figure 11.61 to Figure 11.67.  
The sensors were installed after compacting the SG and CAB to the level of the 
instruments. As noted in the previous experiments, the pressure cells were then placed 
carefully on a leveled surface created by a thin layer of compacted fine material, to insure 
full contact with the cell and to facilitate a better bearing surface. After placement of the 
sensor, additional material was placed carefully on top of the cell and compacted by hand 
using a steel tamper plate. Figure 11.68 shows a picture after placement of all pavement 














































Figure 11.68. Completed UNR Large-Scale Box test setup for Experiment No. 4. 
 
11.2.5. Experiment No. 5 (Full Pavement with Buried Utilities) 
In Experiment No. 5, a full pavement structure with a total thickness of 77 inch was 
constructed with two types of buried utilities in the SG layer: a steel pipe and a concrete 
box culvert. The steel pipe and the concrete box culvert represent a flexible and a rigid 
buried utility, respectively. Figure 11.69 to Figure 11.76 show drawings of the setup and 
instrumentations for Experiment No. 5. The pavement structure consisted of 5 inch of AC, 
on top of 6 inch of CAB, and 66 inch of SG soil. The loads were applied on top of the AC 
layer at two locations along the centerline of each of the buried utilities. The centerlines of 
steel pipe and concrete box culvert were at 18 inch and 24 inch from the center of the UNR 



















































To maximize the research utility from this experiment, a thoughtful test setup was 
undertaken. The experiment was divided into two phases. In the first phase, the surface 
load was applied directly on top of the flexible pipe while in phase two the surface load 
was applied directly on top of the rigid culvert. The response of both buried structures was 
monitored during both phases of loading to see the effect of offset loads. The loading 
protocol was similar to the one used in previous experiments for comparison purposes. The 
five dynamic load levels (9,000; 12,000; 16,000; 21,000; and 27,000 lb) were applied in 
each phase. The incremental dynamic load had a pulse duration of 0.1 second followed by 
a rest period of 0.9 second. Table 11.10 provides a summary of the loading protocol for 
Experiment No. 5. All loads were applied on the loading plate positioned directly at the top 
of the AC layer, but at the aforementioned locations. Both buried structures were 
appropriately instrumented for fully capturing their response.  
 
Table 11.10. Loading Protocol for Experiment No. 5 (Full Pavement with Buried 
Utilities). 
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At the end of the dynamic load tests for both phases, the pavement structure was 
allowed to recover for 30 minutes. An increasing static load was then applied, up to failure, 




plate positioned directly at the top of the AC layer and at the centerline of each of the buried 
utilities. 
The instrumentation for the pavement structure consisted of thirteen 4-inch TEPCs 
placed at four locations: middle of the CAB, 6 inch and 20 inch below the SG surface to 
measure vertical pressure, in addition to TEPCs that were placed on the inner sides of the 
utilities to measure horizontal pressure. The vertical pressure cells were located directly 
under the center of the loading plate and laterally at each of the depth levels at various 
locations. At the first level (middle of CAB), there were three sensors directly under the 
center of the loading plate at the three loading locations (A, B and C). At the second level 
(six inch below SG surface), there were five sensors. At the bottom level (20 inch below 
SG surface), there was three sensors directly under the center of the three loading locations. 
As noted above, the sensors were installed after compacting the SG and CAB to the level 
of the instruments, the pressure cells were then placed carefully on a leveled surface created 
by a thin layer of compacted fine material, to insure full contact with the cell and to 
facilitate a better bearing surface. After placement of the sensor, additional material was 
placed carefully on top of the cell and compacted by hand using a steel tamper plate.  
LVDT sensors were installed inside the buried utilities to monitor the internal 
deflections. Four sensors were installed inside the steel pipe at two locations using a 3D-
printed special mounting piece. Two LVDTs were placed along the centerline of the pipe 
perpendicular to each other to measure the vertical and horizontal deflections, and two 
LVDTs were installed 12 inch off the centerline, as shown in Figure 11.77. Similarly, 
another four LVDTs were installed inside the concrete box culvert at two locations along 




addition, a GoPro Hero 4 camera was installed inside the steel pipe to get video feed of the 
deflections inside the pipe during the tests. 
 
 
Figure 11.77. Four LVDTs installed inside the buried steel pipe at the centerline of 
the pipe and 12 inch off the center of the pipe. 
 
 
Figure 11.78. Four LVDTs installed inside the buried concrete box culvert at the 
centerline of the pipe and 12 inch off the center of the box culvert. 
 
Surface LVDTs were also installed to measure surface deflections at various radial 
distances (0, 8, 12, 24, 36 and 48 inch). The moving tip of the surface LVDT rested on top 
of the AC layer. In addition to the LVDT(s), rosette strain gauges were bonded to the outer 




induced in the buried steel pipe from surface loading. The installation was done after the 
steel pipe was in place to assure accurate placement. The rosette strain gauges were located 
along the centerline of the steel pipe, on the top and on the side of the pipe. All gauges 
were installed according to specifications. Once the locations were selected, the pipe was 
smoothed out using an ultra-fine sandpaper then cleaned with fast evaporating acetone. 
Using the Tokyo Sokki-cyanoacrylate adhesive, the three-element rosette strain gauges 
were attached and allowed to dry. 
AC strain gauges were also placed at the bottom of the AC layer to capture the 
strains of the pavement under the dynamic and static loading. The strain gauge installation 
process was similar to the procedure described earlier. Figure 11.79 and Figure 11.80 show 
pictures of the final product of Experiment No. 5 after placement of the all pavement layers 
and instruments at loading locations A (top of steel pipe) and C (top of box culvert).  
 
 
Figure 11.79. Completed UNR Large-Scale Box test setup for Experiment No. 5 – 





Figure 11.80. Completed UNR Large-Scale Box test setup for Experiment No. 5 – 
Loading location C (top of box culvert). 
 
11.3. Pre-Processing of Instruments Measurements 
As mentioned earlier, the laboratory-testing program for the experiments included a series 
of instruments. LVDTs, TEPCs, and ACCs that measure vertical surface displacements, 
vertical stresses, and accelerations (often multi-component) at the installed locations were 
employed. It may be noticed that acceleration measurements were not used in the current 
study so that the analyses of accelerometers are not presented. 
The following pre-processing steps were undertaken for all recordings to identify 
and separate the appropriate load-induced response signals from the recorded data: 
 Step 1: Selection of the five representative consecutive cycles of loading. These 
cycles are selected after the application of the pulse load has been repeated many 




 Step 2: Removal of the noise (subtracting the average of the recorded measurements 
prior to the application of impulse load from the all measurements). 
 Step 3: Removal of the initial offset (zero offset). 
Typical measured recordings by load call, LVDTs and TEPCs along with the pre-processed 
recordings are illustrated in Figure 11.81 to Figure 11.83. 
 
 
Figure 11.81. Measured and pre-processed recordings by load cell in Experiment 



































Figure 11.82. Measured and pre-processed recordings by LVDT1 in Experiment No. 
3 at target load level of 9,000 lb. 
 
 
Figure 11.83. Measured and pre-processed recordings by TEPC10 in Experiment 
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